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Preface
Rheology is the study of the flow and deformation of matter. Rheology is also used to de‐
scribe the flow and deformation of complex materials such as rubber, molten plastics, poly‐
mer solutions, slurries and pastes, electro-rheological fluids, blood, muscle, composites,
soils, and paints. The study of the rheology of materials is very important for two main rea‐
sons. Firstly, rheology could be used to determine the process window in which operations
such as mixing, transportation, dispensing and storage in the production process could be
carried out. Secondly, rheology can be used as a quality control tool in the processing and
production stages for identifying batch-to-batch variation. As a quality control tool, the sen‐
sitivity of rheological measurements to minor structural differences in materials can provide
a useful aid for quality control engineers when deciding whether to accept or reject an in‐
coming material.
In this InTech book, 6 chapters on various rheology related aspects are written by experts
from the industry and academia. The first chapter, by Mansel et al. reviews the set-up and
calibration procedures of four different modern microrheological techniques, namely: dy‐
namic light scattering (DLS), diffusing wave spectroscopy (DWS), multiple particle tracking
(MPT) and probe laser tracking using a quadrant photodiode (QPD) in combination with
optical trapping. Chapter 2 by Durairaj et al., focuses on the oscillatory rheometric character‐
isation of isotropic conductive adhesives. In Chapter 3, Trofimov and Sevostyanova discuss
heliogeophysical aspects of rheology. Chapter 4 by Talero el at., studies the physical-chemi‐
cal interaction of Portland cement paste. Chapter 5, by Rameshwaram and Dao, investigates
capillary rheological measurement at high shear rates and used Time-temperature Superpo‐
sition (TTS) to predict the real viscosities of materials at extremely high shear rates. In Chap‐
ter 6, Hassan and Maghawry investigate analytically the flow of an Oldroyd-B fluid in an
infinite pipe of circular cross-section.
Rajkumar Durairaj
Department of Mechanical and Material Engineering
Faculty of Engineering and Science
Universiti Tunku Abdul Rahman (UTAR)
Kuala Lumpur

Chapter 1

A Practical Review of Microrheological Techniques
Bradley W. Mansel, Stephen Keen, Philipus J. Patty,
Yacine Hemar and Martin A.K. Williams
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/53639

1. Introduction
Microrheology is a method for the study of the viscoelastic properties of materials [1, 2]. It
has many potential benefits including requiring only microlitres of sample and applying on‐
ly microscopic strains, making it ideal for costly, rare or fragile samples. Ever since the earli‐
est papers began emerging in the biophysical arena some ten to fifteen years ago [3,4], to
more current publications [5-8] fascinating insights into the material properties of the cell
and its constituent biopolymers have been revealed by microrheological studies. It can ex‐
tract information about the underlying heterogeneities in soft materials of interest, and can
measure viscoelastic properties to high frequencies compared to traditional rheological
measurements [9]. This paper reviews the limits of speed and accuracy achievable with cur‐
rent advances in instrumentation, such as state-of-the-art correlators and cameras, by direct‐
ly comparing different methodologies and equipment.

2. Basic principles
2.1. Extracting traditional rheological parameters
To use microrheology to obtain the traditional storage and loss moduli, (G’, G’’), of complex
soft materials of interest, the mean square displacement (MSD) of microscopic tracer parti‐
cles must be measured, defined in three dimensions as:
Dr 2 (t )=

2

2

éë x ( t + t ) - x ( t )ùû + éë y ( t + t ) - y ( t )ùû + éë z ( t + t ) - z ( t )ùû

2
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where, τ is the lag time, t is the time and x, y and z represent position data [10]. There are a
number of experimental techniques to measure the MSD, each with its own advantages and
disadvantages that will be described in due course.
If a material is purely viscous, the MSD of an ensemble of thermally-driven tracer particles
will increase linearly with time, yielding a logarithmic plot having a slope of one. In con‐
trast, tracers embedded in a purely elastic material will show no increase in the MSD with
time and the particle’s location will simply fluctuate around some equilibrium position.
While these two limiting cases are intuitive many materials of interest, particularly in the bi‐
ophysical arena, are viscoelastic, both storing and dissipating energy as they are deformed.
This is signaled by a slope between the extreme cases of zero and one on a logarithmic plot
of MSD versus time. Additionally materials often display differing viscoelastic properties on
different time-scales so that the slope of such a plot can change throughout the experimen‐
tally observed range. Indeed, the range of lag times over which the MSD is measured is
equivalent to probing the viscoelastic properties as a function of frequency. Whilst the basic
idea of using the dynamic behavior of such internal colloidal probes as an indication of the
viscoelasticity of the surrounding medium has a long history, it took the relatively recent
availability of robust numerical methods to transform the raw MSD versus time data into
traditional viscoelastic spectra to drive the field forwards [10].
Tracer particles embedded in a purely viscous medium have an MSD defined by:
Dr 2 (t ) =
2dDt

(2)

where τ is the lag time, d is the dimensionality and D is the diffusion coefficient, which is
defined by the ratio of thermal energy to the friction coefficient, as embodied by the famous
Einstein-equation:
D=

k BT
f

(3)

where, T, is the temperature and f is the friction coefficient. For added spherical tracers in
low Reynolds number fluids, f can be calculated by the Stokes drag equation for a sphere:
f = 6ph R

(4)

where η is the viscosity of the surrounding material and R, the radius of the tracer.
Tracer particles embedded in a viscoelastic medium do not have such a simple relation be‐
tween the MSD and diffusion coefficient. However, a Generalized Stokes-Einstein Relation
(GSER) can be used, that accommodates the viscoelasticity of a complex fluid as a frequency
dependent viscosity, yielding [1, 10, 11]:
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G% ( s ) =

k BT

(5)

p as r% 2 ( s )

where r̃ 2(s ) is the Laplace transform of the MSD and, G̃ (s ) is the viscoelastic spectrum as a
function of Laplace frequency, s [1]. This relationship provides a method to quantify the
rheological properties of a viscoelastic medium and calculate the storage and loss modulus
from the MSD measurement. Many methods are available to implement this scheme, al‐
though the numerical method of Mason and Weitz is possibly the most popular method,
due to its simplicity and ability to handle noise [10]. Briefly, the MSD plot is fitted to a local
power law and the logarithmic differential is then calculated:

a (t ) =

d ln Dr 2 (t )

(6)

d ln (t )

which is used with, Γ, the gamma function in an algebraic form of the GSER:
G* »

k BT

p a Dr 2 (=
t 1 w ) G éë1 + a (=
t 1 w )ùû

(7)

Finally, defining δ (ω ) as:
*
p d ln G (w )
d (w ) =
2 d ln w

(8)

then the storage and loss moduli with respect to frequency can be obtained:

(

)

(9)

(

)

(10)

G ¢ (w ) = G * (w ) cos d (w )

G ¢¢ (w ) = G * (w ) sin d (w )

Thus, with the framework of microrheology clear and modern methods in place to obtain
traditional viscoelastic spectra from the movement of internalized tracer particles, the dis‐
cussion switches to reviewing experimental methods for the extraction of their mean
squared displacement.
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2.2. Measuring the MSD
In order to facilitate the review of the available techniques four different modern techniques
have been used to measure the positions of micron sized particles embedded in soft materi‐
als, namely: Dynamic Light Scattering (DLS), Diffusing Wave Spectroscopy (DWS), Multiple
Particle Tracking (MPT), and probe laser tracking with a Quadrant Photo Diode (QPD) and
the use of Optical Traps (OT).
2.3. Light scattering techniques
Dynamic light scattering (DLS) techniques for microrheology use a coherent monochromat‐
ic light source and detection optics to measure the intensity fluctuations in light scattered
from tracer particles of a known size, which are embedded in a material of unknown viscoe‐
lastic properties. Light passing through the sample produces a speckle pattern that fluctu‐
ates as the scattering probe moves. Thus, by measuring the intensity fluctuations of the
dynamic speckle, at a single spatial position, information about the diffusion of particles in
the sample can be gathered [12]. A correlation function is defined by:

g(2) (t ) =

I (t ) I (t + t )
I (t )

(11)

2

With τ, the lag time, t the time and the angular bracket denoting a time average. For ergodic
samples the auto-correlation function can be simply converted to the so-called field autocorrelation function, g (1), using the Siegert relation:
g(2) (t ) = 1 + b g(1) (t )

2

(12)

The coherence factor, β, in this relationship, is related to the experimental setup, and for a
properly aligned system should be close to unity. DLS uses a sample containing a low num‐
ber of probe scatterers to ensure that each photon exiting the sample has been scattered only
a single time. Using recently developed techniques such as multiple scattering suppression
[13] one can still extract some information if multiple scattering cannot be avoided, but these
are not commonly used as sample optimization can often provide a simpler solution. Cen‐
tral to DLS experiments is the scattering vector defined by:

q=

4np
æq ö
sin ç ÷
l
è2ø

(13)

where λ represents the wavelength of the incident laser light, n, the refractive index of the
medium surrounding the scatterer and θ the angle the incident beam makes with the detec‐
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tor. Ultimately, for traditional DLS experiments, the q vector must be known to extract infor‐
mation about the displacements made by the particles. For more information see Dasgupta
[14] or Pecora [12].
Practically, light emitted from a continuous wave, vertically-polarized laser is directed
through the sample held in a goniometer. Using a polarized laser combined with a crossed
polarizer on the detection optics helps to reduce the chance of light that has not been scat‐
tered entering the detection optics, which helps improve the signal. As well as providing an‐
gular control the goniometer typically has a bath surrounding the sample that is filled with
a fluid of a similar refractive index to the cuvette in which the sample is housed, to help
eliminate light reflections from the surface. In the case of the DLS setup used in our studies,
detection optics in the form of a gradient index (GRIN) lens directs photons scattered at a
particular angle into a single-mode optical fiber that incorporates a beam splitter. The two
beams thus produced are taken to two different photo multiplier tubes (PMTs) that produce
electronic signals. These are interrogated by a correlator interfaced to a computer that con‐
verts fluctuations in the scattered light falling onto the PMTs into a correlation function.
When two photomultiplier tubes are used the cross-correlation function can be formed, as
opposed to an auto-correlation function that can be measured with a single PMT. Cross cor‐
relation help circumvent dead time in the electronics as well as helping eliminate after-puls‐
ing effects. A schematic of a typical experimental setup is shown in figure 1(a).

Goniometer
Water bath

Laser

θ

Sample in curvette
Beam expander

Polarizer
G.R.I.N Lens

Polarizer
G.R.I.N Lens

(a)

F.O.B.S

(b)
P.M.Ts
Correlator
Figure 1. Schematic of light scattering apparatus used, showing a) goniometer for DLS and b) the DWS setup.
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In DLS, where single scattering events dominate, the decay of the field correlation function,
g (1), is related to the diffusion of the particles in the sample by:
g(1) (t=
, q ) exp( - Dq 2t )

(14)

where τ represents the lag time, q, the scattering vector and D the diffusion coefficient
which, by equation (2) can be written as [12]:
æ - q 2 Dr 2 (t )
g(1) (t , q ) = exp ç
çç
6
è

ö
÷
÷÷
ø

(15)

By inverting this equation one obtains the MSD versus lag time directly from the field corre‐
lation function.
Diffusing Wave Spectroscopy: At high frequencies DLS is limited by the sensitivity of the
correlator. This limitation can be overcome by adding many scatterers to the sample. The
light now diffuses through the sample taking a random walk with mean-free path, l [15].
The diffusion of light through the sample means that even if each individual scatterer was
only to move a very small amount, the overall path that the light travels is changed very
dramatically, resulting in a much higher sensitivity than DLS. However, when making
measurements in materials with a very large number of scatterers a statistical approach
must be used to derive the form of the correlation function. To ensure the accuracy of the
statistical approach the number of scatterers must be large enough so that the photon paths
can be themselves described by a random walk. Light scattering in this high scattering limit
is known as Diffusing Wave Spectroscopy (DWS) [15].
The equipment used for DWS is very similar to that used for DLS. The main difference is
that no goniometer is required as, provided that all the photons studied have traversed the
cell, there is no angular dependence of the intensity of scattered light. Additionally the inci‐
dent beam is first expanded to distribute the intensity of the light across the width of the
sample cuvette, (in the case described here to around 8 millimetres). Otherwise, as in DLS, a
continuous wave, vertically polarized, laser is used as the light source; the scattered light is
coupled to a single mode optical fibre using a GRIN lens; split by a single mode fiber-optic
beam-splitter (FOBS) and sent to two PMTs. The correlation function is then calculated us‐
ing a cross-correlation method in software on a standard personal computer. A schematic of
the experimental setup used here can be seen in figure 1 (b).
The measurement of the length a photon must travel before its direction is completely
randomized, l *, is fundamental to DWS. Firstly, comparing it to the pathlength of the cell
reveals if the number of scatterers present in a sample is large enough to validate the diffu‐
sive criterion, and secondly, it is needed in order to extract the MSD from the correlation
function. l *, being at least four times smaller than the thickness of the sample ensures that
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the light is strongly scattered, producing statistically viable results. To calculate the MSD in
transmission geometry, with uniform illumination over the face of the sample, an inversion
is performed on the following equation [15]:
æ L l* + 4 / 3 ö
æz
ç
÷ sinh ç *0 k02
ç z l* + 2 / 3 ÷
èl
ø
g(1) (t ) = è 0
8t ö
æ
æL 2 2
ç 1 + 3t ÷ sinh ç * k0 r
è
ø
èl

ö 2 2 2
æz
r2 ÷ +
k0 r cosh ç *0 k02
3
ø
èl
ö 4 2 2
æL 2 2
÷ + 3 k0 r cosh ç * k0 r
ø
èl

ö
r2 ÷
ø
ö
÷
ø

(16)

Here L represents the thickness of the sample and l * the transport mean free path of the
medium. It is assumed that the source of diffusing intensity is a distance, z0, inside the sam‐
ple, which is routinely assumed to be equal to l *. k0 is the wave vector of the incident light,

equal to 2πλ. For a detailed description on the theory of DWS and the mathematics behind
equation (16) see chapter 16 of Dynamic light scattering: The Method and Some Applications
edited by Wyn Brown, which covers this extensively [15].
Summary: Generally light scattering techniques have the advantage that they have a low
setup cost, are well known and produce reliable results. DLS, one of the more common light
scattering techniques, cannot measure to the high frequencies of DWS and also has a slightly
higher setup cost as a goniometer is required for angular control. However, if many meas‐
urements can be taken and averaged, DLS can produce very consistent results, and if the
scattering angle is reduced it is possible to obtain particle dynamics out to tens of seconds.
DWS is also a robust, well proven technique that can achieve higher frequency measure‐
ments than any other method, due to a small displacement of the bead causing an additive
effect in each successive scatter through the sample. Traditional light scattering experiments
do not however have the ability to extract any information about the homogeneity of the
sample, although this can be accomplished to some extent using modified techniques such
as multispeckle DWS, where the PMT is replaced by a camera [13, 16].
2.4. Real space tracking techniques
Multiple particle tracking typically consists of visually tracking tens to hundreds of probe
particles embedded in the material to be studied [9]. Commonly, an epifluorescence micro‐
scope with a CCD or CMOS camera is used to record a series of images of fluorescent tracer
particles as they undertake random walks due to Brownian motion. Fluorescence microsco‐
py has many advantages over simple bright field microscopy; it produces images with the
particles represented as bright spots on a dark background, facilitating the use of many dif‐
ferent tracking algorithms, and allows the position of particles smaller than the wavelength
of light to be obtained. Image series taken from the chosen microscopy technique are subse‐
quently processed using tracking software, turning the images into a time-course of x-y co‐
ordinate data for each particle. From this data the MSD can be calculated and hence the
rheological information extracted. MPT is mainly limited by the temporal resolution of the
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camera (typically 45 Hz), meaning that lower frequency rheological information is accessible
when compared with other light-scattering based microrheology techniques. It has advan‐
tages however of measuring information about the spatial homogeneity of the sample, and
is one of the few techniques capable of studying the viscoelastic properties of living samples
where, for example, naturally occurring particles (liposomes and organelles) might be
tracked.
Information about spatial homogeneity:
A plot of the probability of displacements of a certain value observed at each time lag gives
an indication of homogeneity. If the sample is homogenous then one would expect this to
result in a Gaussian function centred on the origin at each time lag, with the variances of the
distributions being the MSDs. The plotting of the frequency with which a measured dis‐
placement falls in a particular displacement-range is known as a Van Hove plot [17], and is
shown for particles diffusing in water in figure 2.

Figure 2. A Van Hove plot measured for 505nm polystyrene fluorescence particles diffusing in a glycerol water mix‐
ture, a homogenous medium, as can be seen by a good agreement to a Gaussian fit (solid line). Data obtained using a
CMOS camera at 45Hz.

If significant heterogeneities exist then the Van Hove function will be non-Gaussian, indicat‐
ing that the differences in the distances travelled by different beads in the same time does
not simply represent the sampling of a stochastic process, but that differences in the local
viscoelastic properties exist. The Van Hove plots of such heterogeneous systems can be
quantified by a so-called non-Gaussian parameter that reports how much the ratio of second
to fourth moments of the distribution differs from the Gaussian expectation [18, 19]. Infor‐
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mation about the underlying structure of the sample can also be extracted by observing the
behavior of the MSD when probe particles of different sizes are used [20].
The so-called one-point microrheology (OPM) described thus far simply extracts the dis‐
placements of each probe particle by comparing their co-ordinates in time-stamped frames
recorded by the camera using a tracking algorithm. This is the simplest form of analysis and
is often sufficient. However, the results can be highly dependent on the nature of interac‐
tions existing between the tracer particles and the medium, and effects of any specific bind‐
ing, or depletion interactions can produce spurious measurements of the viscoelastic
properties of the medium [21]. That is, OPM can be thought of as a superposition of the bulk
rheology and the rheology of the material at the particle boundary [22]. With video-micro‐
scopy, where multiple probe-particles are tracked simultaneously, a method to overcome
these difficulties has been developed, known as two-point microrheology (TPM). TPM only
differs in the way the data is analysed, in that, rather than just looking at one particle TPM
measures the cross-correlation of the movement of pairs of particles [22]. In some cases TPM
has been shown to measure viscoelastic properties in better agreement with those measured
using a bulk rheometer, due to the elimination of dependence on particle size, particle
shape, and coupling between the particle and the medium [23]. TPM is a fairly intuitive
technique if the two limiting cases are considered; the probe particles in an elastic solid will
exhibit completely correlated motion throughout the sample, while in a simple fluid they
would exhibit very little correlated motion. In between these extremes the viscoelasticity can
be quantified by knowledge of the distance between particles, the thermal energy and the
cross-correlation function [24]. While it does have potential advantages, two-point micro‐
rheology is very susceptible to any drift or mechanical vibration; which appears as com‐
pletely correlated motion [24]. If the material of interest is homogenous, incompressible,
isotropic on length-scales significantly smaller than the probe particle, and connected to the
tracers by uniform no-slip boundary conditions over the whole surface, then the one- and
two- point MSDs should be equal [24].
To perform two-point microrheology first the ensemble average tensor product is calculated:

(

Drai ( t ,t ) Drbi ( t ,t ) d r - Rij ( t )
Dab (r ,t ) =

)

i ¹ j ,t

(17)

where i and j label different particles, and label different coordinates, and R ij is the distance
between particle i and j. The distinct MSD can be defined by rescaling the two-point correla‐
tion tensor by a geometric factor [22-24]:
Dr 2 (t )

D

2r
=
D ( r ,t )
a rr

(18)

where a is the diameter of the probe particles. Further information on the mathematics be‐
hind the method can be obtained from Crocker (2007) [24] and Levine (2002) [23].
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Tracking software: A plethora of different programs and algorithms exist to track objects in
successive images. Both commercial and freeware programs exist. Commercial software
such as Image Pro Plus, can track images straight out of the box with little fuss, although it
is reasonably costly. One can also write their own program to cater to their own needs, and
kindly many research groups have made free software available that generally works as
well as many commercial packages. There are four main tracking algorithms, namely: centre
of mass, correlation, Gaussian fit and polynomial fit with Gaussian weight. Ready to use
programs are available on the following web pages:
http://www.physics.emory.edu/~weeks/idl/ This web page is a great resource with links to
many different programs written in many different programming languages.
http://physics.georgetown.edu/matlab/ This code uses the centroid algorithm for sub-pixel
tracking, it is the code used for the majority of the particle tracking in this work. Some
knowledge of programming in MATLAB is needed to implement the code.
http://www.people.umass.edu/Kilfoil/downloads.html This resource has code available for
calculating the MSD, two-point microrheology, and many other useful programs imple‐
mented in MATLAB.
http://www.mosaic.ethz.ch/Downloads/ParticleTracker This page has links to a 2D and 3D
particle tracking algorithm, as published in [25]. The code is implemented using ImageJ a
popular Java-based open source image processing and analysis program.
http://www.mathworks.de/matlabcentral/fileexchange/authors/26608 Polyparticle tracker
uses a polynomial fit with Gaussian weight. This powerful tracking algorithm has a good
graphical user interface and is easy to implement. Details of the algorithm can be viewed in
the following publication [26].
Theoretically it can be seen that the selection of tracking algorithm could play a large role in
multiple particle tracking experiments. In reality the differences in performance between
different tracking algorithms can largely be overcome by optimizing the experimental setup.
Indeed Cheezum (2001) [27] have shown that at a high signal-to-noise ratio the different
tracking algorithms produce very similar bias and standard deviations. The lower limit
where differences in the algorithms do become important is a signal-to-noise of around 4,
which roughly corresponds to imaging single fluorescent molecules. The fluorescent micro‐
spheres imaged in multiple particle tracking experiments are many tens of times brighter
than the background fluorescence, generally providing a high signal-to-noise. Additionally,
modern cameras have photo-detector arrays consisting of many megapixels, resulting in a
particle diameter in the order of tens of pixels, so that effects from noise on the edge of a
particle often have little effect. Oscillation and drift in an experimental setup can however
create large sources of error and often are the hardest errors to remove. For a more in depth
description see references Rogers (2007) [26] and Cheezum (2001) [27]. Errors in particle
tracking can be placed in 4 different categories: Random error, systematic error, dynamic er‐
ror and sample drift. A thorough discussion is given in Crocker (2007) [24] and further pre‐
cise methods with which to estimate the static and dynamic errors present in particle
tracking are given by Savin (2005, 2007) [28, 29]. Practically multiple experimental techni‐
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ques are often used and the comparison of results quickly reveals if significant errors in the
MPT are present.
Optimizing experimental set-up for microscope based experiments: The camera used for
MPT is the central apparatus limiting the temporal and spatial resolution. Current CMOS
technology allows the fastest frame rate of any off-the-shelf camera designed for microscopy
[30, 31]. The main problem with this technology is the sensitivity, although these issues are
beginning to be addressed [32]. Cameras with a high sensitivity, large detector size, higher
speed and small pixel size can obtain a larger amount of information from the sample. To
supply the tracking algorithm with enough information to calculate the position of a probe
particle to sub-pixel accuracy, the particle must be represented by a sufficient number of
pixels. The size representation of fluorescent particles is dependent on the size of the parti‐
cles, the intensity of the excitation fluorescent lamp, the size of each pixel on the sensor, and
the magnification of the objective lens used. The strength of the fluorescent lamp that can be
used is ultimately limited by the speed at which it photo-bleaches the fluorophore. One pos‐
sible method to overcome the photo-bleaching difficulties is to use quantum dots.
Magnification: For high signal-to-noise applications, it is advantageous to have the highest
possible magnification, resulting in the particles being represented by the maximum num‐
ber of pixels, and so enhancing the accuracy of the tracking algorithm subsequently applied
[33]. However, as the magnification is increased the illumination of each pixel decreases as
the square of the magnification. This results in a decrease in the signal-to-noise proportional
to the magnification, if the illumination is not increased [33] and therefore for low signal-tonoise applications, the highest possible magnification will not always result in the best im‐
age sequence for tracking. As a result care must be taken in selecting the correct
magnification objective lens. A simple method to check that the selected objective is of the
correct magnification before recording an image sequence is to record a single image, then
using an image analysis program such as ImageJ (http://rsbweb.nih.gov/ij/) to find the
brightness of an individual pixel on a particle. This can then be compared to the background
brightness of the image. By comparing the two intensity values one can roughly estimate the
signal-to-noise. If the signal to noise is too low (< ~10) then a lower power objective lens can
be chosen. This basic method will suffice to quickly give an indication of what objective is
appropriate for the sample. A lower magnification objective will also result in a larger field
of view in the sample, thus, the positions of more individual particles can be measured, and
better statistics of the ensemble averaged MSD will result.
Numerical aperture: A high numerical aperture (NA) objective lens creates a higher resolu‐
tion image than the equivalent lower NA objective lens. This would suggest that a high NA
objective lens would create a superior image for tracking, although, a high NA objective also
results in a small point-spread function, meaning a smaller image. In reality these two com‐
peting effects relating to the NA lens used usually cancel out. A simple calculation shows
that if the signal-to-noise is high (around 30) then there is no effect of the NA used. No rela‐
tion between the NA and accuracy of tracking was found in an experiment performed using
different tracking algorithms and comparing data for a 0.6 NA and 1.3 NA lens [33].
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Allan variance: If no drift is present in an experimental setup, a very unlikely situation, then
the longer the experiment is run the better the accuracy of the measurement. However, if
drift is present, as in nearly every experimental setup, running the experiment for the lon‐
gest duration will not result in the highest accuracy measurement, it will actually result in a
worse measurement than if the measurement was taken for a shorter duration. One can
check the optimum length of time for which to record an experiment by using the Allan Var‐
iance. Defined as:
=
s x2 (t )

1
2

( xi +1 - xi )

2

t

(19)

where τ is the time lag, xi is the mean over the time interval defined as (τ ) = f acq m, where m

is the number of elements in that interval acquired at f acq , and the angle brackets denote

arithmetic mean [34]. Most commonly the Allan variance is used in optical tweezers experi‐
ments, and the tracking performed using a Quadrant Photodiode (QPD) discussed in the fol‐
lowing section, although with modern CMOS cameras approaching the kilohertz regime one
can optimize particle-tracking experiments in this way. The Allan variance can be seen in
figure 3 to decrease as the number of measurements (number of lag times evaluated) in‐
creases, until such long lag times are used that drift becomes a significant effect on the meas‐
urement.

Figure 3. Schematic showing the relation between a particles mean position and the Allan Variance. It can be seen
that in a perfect experiment, with no drift, the Allan variance decreases for the duration of the experiment, but where
drift is present the Allan variance has a minimum corresponding to when the effects of sampling statistics and drift are
balancing out.
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2.5. QPD measurements using optical traps
The movement of individual probe particles can also be tracked using a probe laser and a
quadrant photodiode (QPD) (a photodiode that is divided into four quadrants). A probe la‐
ser is used to scatter light from the selected particle and this produces an interference pat‐
tern that is arranged to fall on the QPD. Two output voltages are produced from the
difference- signals generated by light falling on different quadrants and therefore any move‐
ment of the interference pattern on the QPD is detected by a change in output voltages.
Thus, if the probe particle is located between the laser and QPD, any motion of the particle
will be detected. Once calibrated these recorded voltages correspond directly to a measure‐
ment of the x and y co-ordinates of the probe particle - so that ultimately the output is equiv‐
alent to that which would be obtained by a video-microscopy tracking experiment. While
the calibration requires an extra step in the measurements, a QPD has the advantage that
measurements are not limited by a camera frame rate and for commercial QPDs can be tak‐
en on the order of tens of microseconds, subsequently giving access to rheological informa‐
tion up to the 100 kHz regime, albeit one probe particle at a time.

Figure 4. Schematic of the microscope and optical tweezers apparatus.

There is, however, an additional complication in making such measurements. Clearly a fixed
QPD is limited in the maximum particle displacement it can measure and as probe particles are
diffusing in 3 dimensions it is essential to provide a mechanism that ensures the particle being
tracked stays within the range of the QPD. This can be carried out with an optical tweezers ar‐
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rangement that uses a tightly focused higher-power laser to hold and manipulate micronsized particles [35-37]. Figure 4 shows a typical holographic optical tweezer setup (HOT) that
employs a spatial light modulator (SLM), which provides the ability to make multiple steera‐
ble traps and move objects in three dimensions using a single laser, in real time [38, 39].
Optical traps [40] formed by such an arrangement can be utilized to restrict larger-scale
movements of probe particles so they stay in the detection region of the QPD / laser appara‐
tus - essentially fencing them in, while leaving the smaller scale Brownian-motion unpertur‐
bed. At longer time lags the effect of the trap can be seen in the MSD plot, as a plateau
indicating the effect of the trap, as shown in figure 5.
Calibration of the raw photodiode voltages in order to obtain actual bead displacements are
routinely carried out by moving a probe particle a set distance across the QPD detection
area. This can be carried out either by locating a particle that is stuck to the coverslip of the
sample cell and translating the chamber a known amount using a piezo-electric stage; or by
moving a particle using a pre-calibrated optical trap. An average piezoelectric stage current‐
ly available for microscopy is able to provide nanometer resolution to displacements up to
300 microns.

Figure 5. MSD plot of a particle undertaking Brownian motion within optical traps formed with three different laser
intensities. The insert shows a particle optically trapped.

2.6. Standard experimental studies
Having described the setup and calibration of four microrheological techniques, results ob‐
tained from 3 different fluids are described and compared. Water, a glycerol-water mixture,
and several polyethylene oxide (PEO) solutions were utilized to provide three different en‐

A Practical Review of Microrheological Techniques
http://dx.doi.org/10.5772/53639

vironments, namely; low viscosity, high viscosity and viscoelastic fluids, to test and com‐
pare the different methods. Such samples are standards that can be quickly used to ensure
the proper functioning of the equipment and analysis before more complex biological sys‐
tems are investigated.
Samples:Water has a lower viscosity than most biological materials of interest; and thus pro‐
vides a good test of how the methodologies cope with fast particle dynamics. Glycerol is a
homogenous, purely viscous fluid and was used in combination with water (results shown
here for 62 wt%) to generate a highly viscous solution. Solutions were made by mixing glyc‐
erol (99.9% from Ajax Laboratory Chemicals) and MilliQ water, using a magnetic flea, for
approximately 2 hours. PEO, an electrically-neutral water-soluble polymer available in a
range of molecular weights was used to generate a viscoelastic polymer solution. PEO starts
to exhibit viscoelasticity at concentrations higher than the overlap concentration (approxi‐
mately 0.16 wt% for the 900 kDa PEO samples used in the following experiments). Solutions
were made by adding dry PEO powder (Acros Organics) in MilliQ water, and then slowly
mixing over approximately a 7 day period to help homogenize the solution. Solutions were
prepared at 2.2 wt% and 4 wt%, around 14 and 25 times the overlap concentration, to ensure
significant viscoelasticity [14]. The mesh size of PEO solutions at these concentrations have
been calculated to be the order of a few nanometres. As there is little evidence of surface ef‐
fects between the particles and these solutions, and the solution is then homogenous on the
length scale smaller than the particle size, it was expected that the one-and two-point micro‐
rheology should produce very similar results, and as such the system forms an ideal test of
those two methodologies.
Probe Particles: DWS measurements require a high bead concentration producing a turbid
solution and ensuring strong multiple scattering. On the other hand, optical tweezers ex‐
periments and DLS measurements require that the concentration of particles in the solution
is very low. For optical tweezers one must ensure that that there is only one particle present
in the imaging plane, any more and there is a chance that a second additional particle might
get sucked into the trap, and as discussed DLS requires that photons only be scattered a sin‐
gle time. For DLS and DWS polystyrene particles are chosen due to their low density and
good scattering properties. Silica particles are used for optical tweezers due to the high re‐
fractive index of silica, which ensures a strong trapping force. DLS and DWS experiments
were carried out for all samples with solid polystyrene probe particles (Polysciences) at con‐
centrations of 0.01% and 1%, respectively. Solutions for optical tweezers and MPT experi‐
ments were made to concentrations of 10-6 % solid silica (Bangs Laboratories) and 10-3 %
solid fluorescent polystyrene particles (Polysciences).
DLS experiments were performed using a set-up as shown in figure 1, specifically using a
35 milli-watt Helium Neon laser (Melles Griot) and a goniometer (Precision Devices) set
nominally to measure a 90 degree scattering angle. Measurements were taken for approxi‐
mately 40 minutes.
DWS experiments were performed using a set-up based on work originally published in
[41] and as shown in figure 1. Initially experiments were conducted using a flex99 correlator
from correlators.com and a 35 milli-watt Helium Neon laser (Melles Griot). In the quest for
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shorter lag times and higher accuracy a flex02 correlator (correlator.com) was purchased.
Experiments were first run using water to obtain l* of the standard solution, and then repeat‐
ed on the sample solution containing the same phase volume of scatterers. DWS experi‐
ments were typically run for approximately 40 minutes to one hour.

(a)

1

2
Figure 6. (a) Plot showing the agreement of measurements between multiple techniques in water (circles) and 62%
glycerol water mixture (squares). (b) MSD plot for 4 wt% PEO showing an agreement between data obtained using
DWS MPT and 2 point analysis (Inset: Extracted rheological properties).

MPT experiments were carried out with an inverted microscope (Nikon Eclipse TE2000-U)
on an air damped table (Photon Control) equipped with a mercury fluorescent lamp (X-cite
Series 120PC EXFO), and a 60x 1.2 NA (Nikon, Plan Apo VC 60x WI) water immersion ob‐
jective lens was used for MPT experiments. A range of different cameras were trialled: Focu‐
lus FO124SC (CCD), prototype DSI-640-mt smartcam (high speed CMOS), Hamamatsu Orca
Flash 2.8 (CMOS large detector size and pixel number). Image series were taken for approxi‐
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mately ten seconds; and x-y coordinate data extracted using a homebuilt program written
using algorithms obtained from: http://physics.georgetown.edu/matlab/. In-house programs
to calculate the MSD and Van Hove correlation function were used in combination with a
program to extract the rheological information obtained from: http://www.physics.mcgill.ca/
~kilfoil/downloads.html.
QPD experiments were also carried out. The microscope used for MPT was additionally uti‐
lized to tightly focus a 2 watt 1064 nm Nd:YAG laser (spectra physics) to produce optical
traps. Particle displacements were recorded using a 2.5 mW probe laser (Thorlabs S1FC-675) and a QPD (80 kHz) for approximately 10 seconds. Calibration was aided using pie‐
zoelectric multi-axis stage (PI P-517.3CD).
Figure 6(a) shows a log-log plot of the three dimensional mean-square displacement of
probe-particles as a function of time; for 500 nm polystyrene particles and 1.86 micron silica
beads (optical tweezers data, normalized to 500nm) in either water or a 62 wt% glycerol/
water mixture. The mean-square displacement data shown shows an excellent agreement
between different methods and also with the expected result of a slope of one (for diffusion
in a viscous medium). Figure 6 (b) shows a similar log-log plot of the mean-square displace‐
ment versus time for 4 wt%, PEO solutions, together with a fit to a sum of power laws with
exponents of ~0.4 and ~0.9, in good agreement with previous work. The inset shows the ex‐
tracted frequency dependent viscoelastic properties that appear in good agreement with
previously published work [14].
2.7. Comparison of with bulk rheometry
The efficiency of these microrheological methods can be assessed against conventional rhe‐
ometry. Figure 7 reports the elastic modulus G’ and the loss modulus G” for a 30 wt% aque‐
ous dextran solution. G’ and G” were obtained using DWS or by the use of a commercial
rheometer (TA 2000 rheometer, fitted with a cone-and-plate geometry).
The experimental data were fitted using the Maxwell model:

G' =

G0w 2t 2

2 2

1+w t

;G' =

G0w t

1 + w 2t 2

(20)

where G0 is the plateau elastic modulus, τ is the relaxation time, and ω (ω=2 f, f the frequen‐
cy) the angular frequency. The fit using the Maxwell model allows showing the continuation
in the experimental data using the two methods. Further the combination of the two techni‐
ques allows the determination of the rheological behaviour over more than 7 decades in fre‐
quency. However, at low frequencies, some discrepencies between G’ obtained by rheology
and the Maxwell model can be observed. This is likely due to the geometry inertia affecting
rheological measurements.
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Figure 7. Elastic modulus G’ and loss modulus G” as a function of frequency for a 30 wt% dextran (500 kDa) in water
solution. Experimental data are obtained by conventional rheometry and DWS. Solid lines are a fit using a Maxwell
model with one element.

3. Conclusion
The array of microrheology techniques described here provide the ability to measure the
viscoelastic properties of a material over approximately nine orders of magnitude in time.
The most sensitive technique, DWS, measured particle displacements to nanometre resolu‐
tion, while MPT could measure the largest displacements, on the order of micrometres. Each
technique can be used to measure the mechanical properties of both viscous and viscoelastic
materials and has a promising future in experimental biophysics.
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1. Introduction
The electronics industry has been striving to find a suitable replacement for lead-based, SnPb solder paste after introduction of legislation to ban the use of lead in electronic products.
Due to the toxicity of lead in electronic products, legislation has been proposed to reduce the
use of and even ban lead from electronics. Lead-free solders (Pb-free solders) and isotropic
conductive adhesives (ICAs) have been considered as the most promising alternatives of
lead-based solder [1-2]. ICAs offer numerous advantages over conventional solder, such as
environmental friendliness, low temperature processing conditions, fewer processing steps,
low stress on the substrates, and ﬁne pitch interconnect capability. Therefore, ICAs have
been used in liquid crystal display (LCD), UHF RFID tag antennas, smart card applications,
ﬂip–chip assembly and ball grid array (BGA) applications as a replacement to solder [3].
The ICAs materials consist of two components; a polymer matrix and electrically conductive
fillers. Traditionally bisphenol-A based epoxies has been used widely used in the electronic
packing industry due to their excellent reliability, good thermal stability and high Young’s
modulus [4]. As the current trend for miniturisation is set to continue towards flexible elec‐
tronic components with the aim of integrating into sensors or biocompatible electronic com‐
ponents, bisphenol-A is not suitable for this application due to high Young’s modulus,
hardness and brittleness. Polyurethane (PU) is seen as promising replacement for bisphenolA based isotropic conductive adhesives due to well-known mechanical properties and can
exhibit greater flexibility [4].
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Rheological characterisation of pastes materials is the key to understanding the fundamental
nature of the ICA suspensions; for example the effect of particle size distributions of silver
flakes or powders on the flow and deformation behavior of the pastes. Paste materials are
dense suspensions, which exhibit complex flow behavior under the influence of stress. The
formulation of new materials such as Polyurethane (PU) based ICAs will require an exten‐
sive understanding of the rheological behavior, which is significant for the assembly of flexi‐
ble electronic devices. A number of studies have reported the rheological behavior of the
Diglycidylether of bisphenol-A (DGEBA) based isotropic conductive adhesives with silver
flakes as the conventional filler materials [5-7]. But the rheological studies on PU based con‐
ductive adhesives are limited. The aim of this study is to investigate the rheological behav‐
iour of concentrated PU and DGEBA based isotropic conductive adhesives. The rheological
responses under oscillatory shear stress were examined as a function linear visco-elastic re‐
gion (LVER), volume fraction and particles size (silver flakes, silver powder and mixture of
silver flakes and silver powder).

2. Introduction to Electrical Conductive Adhesives (ECAs)
Electrical conductive adhesives (ECAs) are gaining great interest as potential solder replace‐
ments in microelectronics assemblies. Basically, there are two types of ECAs, isotropic con‐
ductive adhesive (ICA) and anisotropic conductive adhesive (ACA) (Gilleo, 1995). Although
the concepts of these materials are different, both materials are composite materials consist‐
ing of a polymer matrix containing conductive fillers. Typically, ICAs contain conductive
filler concentrations between 60 and 80 wt.%, and the adhesives are conductive in all direc‐
tions. ICAs are primarily utilized in hybrid applications and surface mount technology [8].
In ACAs, the volume fractions of conductive fillers are normally between 5 and 10 wt.% and
the electrical conduction is generally built only in the pressurization direction during curing.
ACA technology is very suitable for fine pitch technology and is principally used for flat
panel display applications, flip chips and fine pitch surface mount devices [9]. Compared to
conventional solder interconnection technology, conductive adhesives are believed to have
the following advantages [10]:
a.

More environmental friendly than lead-based solder;

b.

Lower processing temperature requirements;

c.

Finer pitch capability (ACAs);

d.

Higher flexibility and greater fatigue resistance than solder;

e.

Simpler processing (no need to use of flux);

f.

Non-solderable (inexpensive) substrates can be used (e.g., glass).

Despite the advantages of ECA technology, the replacement of solder by this technology has
not been widely adopted by the electronics industry. Lower electrical conductivity than sol‐
der [11], poor impact resistance and long-term electrical and mechanical stability [12] are
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several critical concerns that have limited wider applications of electrically conductive adhe‐
sive technology. Numerous studies are being conducted to develop a better understanding
of the mechanisms underlying these problems and to improve the performance of conduc‐
tive adhesives for electronic applications.
In general, there are two conductive pathways for isotropic conductive adhesives. One is
genuine conduction, caused by particle-to-particle contact within the polymer matrix. The
other is percolation, which involves electron transport brought about by quantum-mechani‐
cal electron tunneling between particles close enough to allow dielectric breakdown of the
matrix. Researchers has suggested that percolation is the dominant conduction phenomenon
in the early stages of conduction, as the applied current polarizes the conductive adhesive
system causing the electrical resistance to drop by charge effects [13]. As currents, especially
high currents continue to be applied, polarized particles migrate and further combine, and
conduction by particle-to particle contact overwhelms percolation and becomes the domi‐
nant conduction phenomenon.
Although electrically conductive adhesives have potential usage and various advantages
over solder for surface mount technology (SMT) and microelectronics applications, issues
and problems still remain to be solved in order to successfully implement ICAs for solder
replacement in electronics assemblies. SMT requires short process times, high yield, high
component availability, reliable joints for different components, visual inspection of joints,
and capability of repair. ECAs will not be a drop-in replacement for solder in the existing
surface mount production lines. First, it will not be cost effective to do so. Special compo‐
nent lead plating and board conduction pad metallisations need to be optimized for conduc‐
tive adhesives. Standard materials, components and assembly equipment for specific
applications need to be developed combining the material vendors‟, research organiza‐
tions‟, and application companies‟ efforts together. Mechanical bonding strength and elec‐
trical conductivity cannot be compromised for the new material development. Fine pitch
and thinner lead trends have improved both the pick and placement machine accuracy and
the stencil printing process (the laser etched or electroplated stencils and precise stencil
printing machine). ICAs have more rigid process requirements for positioning due to their
non-selective wetting and lack of self- alignment. Currently major concerns for using ICAs
for SMT are the limited availability of components and substrates designed for adhesives,
and the lack of methods to predict life-time reliabilities and their relationship to the acceler‐
ated life time tests performed as solder joints. Different electrical and mechanical failure
mechanisms require one to monitor these properties separately during life-time tests. There
are difficulties to inspect the adhesive joints and judge the quality of the joints from visual
and x-ray inspection methods, which work for solder joints perfectly. Repairability and re‐
workability of adhesive joints need to be investigated and improved.

3. Introduction to oscillatory shear testing
Viscoelasticity is the property of materials that exhibit both viscous and elastic characteris‐
tics when undergoing deformation. Viscous materials, like honey, resist shear flow and
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strain linearly with time when a stress is applied. Elastic materials strain instantaneously
when stretched and just as quickly return to their original state once the stress is removed.
Viscoelastic materials have elements of both of these properties and, as such, exhibit time
dependent strain. Whereas elasticity is usually the result of bond stretching along crystallo‐
graphic planes in an ordered solid, viscoelasticity is the result of the diffusion of atoms or
molecules inside of an amorphous material [14].
Before making detailed dynamic measurements to probe the sample’s microstructure, the
linear visco-elastic region (LVER) must first be defined. This is determined by performing
an amplitude sweep test. The LVER can also be used to determine the stability of a suspen‐
sion. The length of the LVER of the elastic modulus (G') can be used as a measurement of
the stability of a sample's structure, since structural properties are best related to elasticity.
A sample that has a long LVER is indicative of a well-dispersed and stable system [15].
Therefore, the oscillatory stress sweep is typically used to characterize the visco-elastic effect
of emulsions, dispersions, gels, pastes and slurries [16]. A frequency sweep is a particularly
useful test as it enables the viscoelastic properties of a sample to be determined as a function
of timescale. Within LVER, several segments might have the different visco-elastic proper‐
ties, therefore, frequency sweep test is performed to study the visco-elastic properties
against time [17]. Several parameters can be obtained, such as the Storage Modulus (G') and
the Loss Modulus (G").
The oscillatory stress sweep is typically used to characterise the visco-elastic effect of emul‐
sions, dispersions, gels, pastes and slurries. Furthermore oscillatory experiments can be de‐
signed to measure the linear or the non-linear visco-elastic properties of dense suspensions
such as solder pastes. A sinusoidal stress as a function of the angular velocity (ω) and the
stress amplitude (σo) is applied on the samples. The applied stress and the resultant strain
are expressed as:

s = s o sin(w.t )

(1)

g = g o sin(w .t + d )

(2)

where δ is the phase shift, ω=2πf where f is the frequency, and t is the time. The ratio of the
applied shear stress to the maximum strain is called the “complex modulus” (G*) and is a
measure of a material’s resistance to deformation:
G* =

t0
g0

(3)

The complex modulus can be divided into elastic and viscous portion representing the mag‐
nitude of the strain in-phase and out-of-phase with the applied stress, respectively. The elas‐
tic component is called the “storage modulus” and defined as:
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æt ö
G ' = çç 0 ÷÷ cos(d ) = G * cos(d )
è g0 ø

(4)

The viscous component or “loss modulus” is defined as:
æt ö
G " = çç 0 ÷÷ sin(d ) = G * sin(d )
è g0 ø

(5)

The complex modulus and phase angle can be expressed as functions of the storage and loss
modulus:
G* = G '+ iG "

(6)

In this study the rheological parameters; storage modulus (G’) and loss modulus (G”) is cor‐
related to the solid and liquid characteristic of the DGEBA and PU based isotropic conduc‐
tive adhesives.

4. Experimental
4.1. Equipment
The rheological curve test measurements were carried out with the Physica MCR 301 con‐
trolled stress rheometer. Prior to loading the sample onto the rheometer, the conductive
paste was stirred for about 1-2 min to ensure that the paste structure is consistent with the
particles being re-distributed into the paste. A sample was loaded on the Peltier plate and
the parallel plate was then lowered to the gap of 0.5 mm. The excess paste at the plate edges
was carefully trimmed using a plastic spatula. Then the sample was allowed to rest for
about 1 min in order to reach the equilibrium state before starting the test. All tests were
conducted at 25˚C with the temperature controlled by the Peltier-Plate system. Each test was
repeated for three times for stabilisation (with fresh samples used for each test).
4.2. Formulation of ICA pastes
In this study, viscosities of formulated isotropic conductive adhesives (ICAs) at different vol‐
ume fraction of filler with different particles size are investigated. Table 1 show the chemicals
used in the formulation of ICAs, which was purchased from Sigma-Aldrich. The epoxy and sil‐
ver powder/flakes were mixed according to the ratios shown in Table 2. The ICAs materials
were formulated into volume fraction (ϕ) of 0.2, 0.4, 0.6 and 0.8. Usually, the filler contents are
determined by weight percentage. For example, for the formulation volume fraction of 0.2, 20%
of metal filler (silver powder) is mixed with 80% Diglycidylether of bisphenol-A. The summa‐
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ry of all the systems investigated in this study is presented in Table 3. The silver flakes/powder
size were measured under scanning electronic microscope (SEM) and found that the flake/
particle size is approximately 10 μm and 250 μm, as shown in Fig. 1 and Fig. 2. An X-ray diffrac‐
tion test was carried out on the silver flakes and powder; the phases in Fig. 3 show the exis‐
tence of Ag only, which confirms that the material is pure silver.
Chemical Functions
Resin

Chemicals

Manufacturer

Diglycidylether of bisphenol-A (DGEBA)

Sigma Aldrich

Polyurethane (PU)
Curing agents

Ethylene diamine

Merck & Co.

Fillers

Silver flakes and silver powder

Sigma Aldrich

Table 1. Chemicals used in the preparation of isotropic conductive adhesives (ICAs)

Filler size (μm)
Silver flakes

Silver powder

Volume fraction of filler
0.2

10

0.4

250

0.6
0.8

Table 2. Size and volume fraction of fillers investigated

System

Parameter

S1

0.8-silver flakes/0.2-DGEBA

S2

0.6-silver flakes/0.4-DGEBA

S3

0.4-silver flakes/0.6-DGEBA

S4

0.2-silver flakes/0.8-DGEBA

S5

0.8-silver powder/0.2-DGEBA

S6

0.6-silver powder/0.4-DGEBA

S7

0.4-silver powder/0.6-DGEBA

S8

0.2-silver powder/0.8-DGEBA

S9

0.8-silver flakes+powder/0.2-DGEBA

S10

0.6-silver flakes+powder/0.4-DGEBA

S11

0.4-silver flakes+powder/0.6-DGEBA

S12

0.2-silver flakes+powder/0.8-DGEBA
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System

Parameter

S13

0.8-silver flakes/0.2-PU

S14

0.6-silver flakes/0.4-PU

S15

0.4-silver flakes/0.6-PU

S16

0.2-silver flakes/0.8-PU

S17

0.8-silver powder/0.2-PU

S18

0.6-silver powder/0.4-PU

S19

0.4-silver powder/0.6-PU

S20

0.2-silver powder/0.8-PU

S21

0.8-silver flakes+powder/0.2-PU

S22

0.6-silver flakes+powder/0.4-PU

S23

0.4-silver flakes+powder/0.6-PU

Table 3. Summary of the systems investigated in this study

Figure 1. Scanning Electron Microscope (SEM) microstructure of silver flakes
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Figure 2. Scanning Electron Microscope (SEM) microstructure of silver flakes

Figure 3. X-ray diffraction pattern for silver (Ag)
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4.3. Oscillatory stress sweep test
In the oscillatory stress sweep experiment, initially a large stress sweep range of 0.0001-1000
Pa is applied to all the pastes samples. The oscillatory stress results showed that there are
inconsistency in the measured parameters; storage modulus (G’) and loss modulus (G”) at
low shear stress. At higher volume fractions, the rheometer had difficulty in taking consis‐
tent measurement at shear stresses of 0.001 Pa as opposed to lower volume fractions. This is
the reason why some of the rheological data is presented at different shear stresses. This in‐
dicates the development of inherent structural strength as a result of the transition the paste
undergoes from Newtonian to Non-newtonian, due to the addition of filler materials.
The linear visco-elastic region is defined as the maximum deformation can be applied to the
sample without destroying its structure. It should be noted here that the linear data is not
particularly relevant for real application processing but can be useful in looking for particleparticle interactions [18]. The length of the LVE region of the elastic modulus (G') with re‐
spect to the applied shear stress can be used as a measurement of the stability of a sample's
structure, since structural properties are best related to elasticity prior to structural break‐
down. In the LVE region, the particles stay in close contact with each other and recover elas‐
tically to any applied stress or strain. As a result, the sample acts as a solid and the structure
remains intact.

5. Results and discussion
5.1. DGEBA based isotropic conductive adhesives
For the DGEBA epoxy formulation with silver flakes at ϕ = 0.2, the loss modulus (G”) was
greater than the storage modulus (G’), as shown in Fig. 4. The G’ showed a LVE region up to
0.5 Pa after which the G’ values dropped showing a structural breakdown in the paste. The
loss modulus, G” value is constant with increasing shear stress as it gives the response
which is exactly out of phase with the imposed perturbation, and this is related to the vis‐
cosity of the material.
A similar trend was observed at ϕ =0.4, but with a higher LVE region up to 1 Pa followed by
structural breakdown, shown in Fig. 4. At ϕ = 0.6 and ϕ = 0.8, the measured storage modu‐
lus (G’) is greater than loss modulus (G”) with increasing shear stress. In addition, as the
volume fraction is increased from ϕ = 0.2 to 0.8, the measured LVE region increases from 0.5
Pa, 1 Pa, 10 Pa and 100 Pa, respectively prior to structural breakdown. The shift of LVE re‐
gion to higher stress range could be due to the strong interaction between different layers of
flakes within the system.
Fig. 5 represents the DGEBA epoxy formulated with silver powder with a particle size of
250 μm. At ϕ = 0.2 and ϕ = 0.4, the G” was greater than G’, which indicates the liquidlike behaviour of the paste is predominant, as shown in Fig. 5. For the volume fraction of
ϕ = 0.6 and ϕ = 0.8, the storage modulus (G’) was greater than loss modulus (G”). At low‐
er volume fraction ϕ = 0.2 and ϕ = 0.4, the addition of silver particles did not affect the
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Newtonian continuous phase of the epoxy resin. Hence the paste did not show any struc‐
tural breakdown as observed for silver flakes. The measured LVE region for ϕ = 0.6 and
ϕ = 0.8 was up to 0.8 Pa and 1 Pa, which is lower when compared to the DGEBA formu‐
lated silver flakes. Beyond the LVE region, the flocculation of silver powder in the DGE‐
BA system is easily broken down over narrow range of shear stress as illustrated by Fig.
5. The results show that a larger particle size has lower contact surface area and has poor
dispersion ability.
A bimodal distribution was formulated with a mixture of silver flakes and silver powder, as
shown in Fig. 6. As with previous systems, at ϕ = 0.2 and 0.4, the G” is greater than G’ due to
lower concentration of the silver flakes and powder in the systems. However, at ϕ = 0.2 and
0.4, G’ value increases with the applied shear stress and gradually begins to drops after 0.2
Pa. At ϕ = 0.6 and ϕ = 0.8, the LVE region has increased up to 10 Pa and 50 Pa. These values
are higher than DGEBA/silver powder system but lower than DEGBA/silver flakes systems.
Previous study by Walberger and Mchugh [19] concluded that there will be always an in‐
crease in G’ and G” due to the addition of filler but where the increase in both functions
with addition of filler is not the same, the effect on G’ is considerably greater within the line‐
ar visco-elastic region. Beyond the LVE region, the paste sample showed a gradual structur‐
al breakdown as opposed to silver flakes and powder systems. The results seem to indicate
that the flake in the system restricts the movement of the particles, which delays the struc‐
tural breakdown.
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Figure 4. Silver flakes with DGEBA epoxy resin
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Figure 5. Silver powder and DGEBA epoxy resin
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5.2. PU based isotropic conductive adhesives
The PU systems with silver flakes as the filler material showed that the constant G” at ϕ =
0.2 and 0.4, while the G’ decreased after 0.01 Pa, as shown in Fig. 7. The LVE region of the
PU at ϕ = 0.2 and 0.4 was approximately 0.01 Pa meanwhile ϕ = 0.6 and 0.8 was approxi‐
mately 5 Pa and 10 Pa, respectively. Beyond the LVR region, a gradual structural break‐
down was observed for sample at ϕ = 0.6 and 0.8 as opposed to DGEBA/silver flakes system.
But the overall measured solid (G’) and liquid (G”) characteristic of PU based ICAs were
lower compared to DGEBA based ICAs, which could prove to be attractive for the assembly
of flexible electronic devices.
At lower volume fractions ϕ = 0.2 and 0.4, the G’ did not change significantly with in‐
creasing shear stress, as shown in Fig. 8. The observed trend was similar to the DGEBA/
silver powder system. When the volume fraction was increased to ϕ = 0.6 and 0.8, the
samples showed a LVE range of up to 9 Pa and 20 Pa, respectively. The linear region
measured for PU/silver powder was considerably higher than DGEBA/silver flakes sys‐
tems. Despite the difference in LVE region, both these systems (PU/silver powder and
DGEBA/silver flakes) showed a rapid structural breakdown. When the volume fraction ϕ
exceeds 0.50 under equilibrium condition with no imposed flow, the silver powder sys‐
tem which is a monodispersed hard sphere suspension begins to order into a macrocrys‐
talline structure of face centered cubic (fcc) or hexagonally close packing (hcp). With
increasing applied stress, the drop in G’ and G” arises forced flow of three dimensionally
ordered structures of fcc or hcp. At volume fraction of ϕ = 0.8, an increase in G’ and G”
was observed after 200 Pa and similar result was observed for DGEBA/silver powder for‐
mulation. At high volume fraction above 50 % by volume for hard sphere suspensions,
the increase in G’ and G” could be attributed to development of lubrication stress as a re‐
sult of close network formed between particles. This causes a strong hydrodynamic force;
considerable amount of solvent is trapped interior to the particle cluster. The trapping of
the solvent apparently decreases the mobile solvent volume fraction, or in effect, increase
the particle volume fraction [20].
A bimodal distribution system with silver flakes and silver powder was formulated with
PU. In this system, the G’ is greater than G” for all volume fractions and the measured LVE
region up to 0.1 Pa for ϕ = 0.2, 0.4, 0.6 and 0.01 Pa for ϕ = 0.8, as shown in Fig. 9. This system
showed the lowest LVE region when compared to all the other systems. This could be due to
the orientation of crystal in the direction of closest packing of the spheres is aligned to flow
velocity, while the planes containing the closest packing are parallel to the shearing surfaces.
Beyond the linear region, the sample showed a gradual breakdown in the paste structure as
opposed to silver powder system. Beyond the linear region, the hydrodynamic force pre‐
vents them from sustaining their ordered state by forming a three-dimensional network or
clustering, which results in the structural breakdown.
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Figure 7. Silver flakes and Polyurethane (PU) resin
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Figure 9. Silver flakes and powder with Polyurethane (PU)

6. Conclusions
From the oscillatory test on PU and DGEBA it is clear that G’ and G” could be used diagnos‐
tically to assess the state of the dispersion, since the linear visco-elastic region varies from
one system to another. The study found that the volume fraction of the filler materials is
shown to affect the G’ and G” values. In addition, the particle size of the fillers is found to
also influence the flow behaviour of the systems. The study showed that the processability
of the systems is related to the solid (G’) and liquid (G”) characteristic of the material be‐
yond the linear visco-elastic region. The extent of the structural breakdown could be used to
determine the stability of the formulated systems. The silver powder based PU and DGEBA
experience a rapid structural breakdown and increased in G’ and G” values at higher shear
stress. For the PU system, the mixture of silver powder and flakes produced a much stable
system with a gradual structural breakdown as opposed to DGEBA systems. In addition, the
solid (G’) and liquid (G’) characteristic of PU were lower compared to DGEBA could be a
drop in replacement for DGEBA based isotropic conductive adhesives.
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Chapter 3

Heliogeophysical Aspects of Rheology: New
Technologies and Horizons of Preventive Medicine
Trofimov Alexander and Sevostyanova Evgeniya
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/53661

1. Introduction
Geoecological and, first of all, cosmo-heliogeophysical factors exert a powerful regulatory
influence on human vital activity [2]. Optimal level of blood circulation is of primary impor‐
tance in the processes of human adaptation to changes of heliogeophysical environment.
Cardio-vascular system is one of the first systems that are included in cascade of adaptive
organism reactions. The normal functioning of this system provides rate of blood circulation
and consequently tissue metabolism, which are optimal for certain conditions. There are
studies that consider the effect of heliogeophysical factors: solar activity and disturbances of
the geomagnetic field during the study on the state of the cardio-vascular system [8-13]. The
possibility of influence of heliogeophysical factors in early human ontogenesis on the risk of
development of cardiovascular diseases was revealed. Convincing data, demonstrating the
dependence of the cardiovascular system functioning on changing heliogeophysical envi‐
ronment at different stages of ontogenesis were obtained [14,15]. However, despite the im‐
portant results, most conducted to date research is devoted to cardiac function and central
hemodynamics. At the same time it is known that the blood circulation in an organism is
determined by the cardiac function, the state of the vascular bed and the rheological proper‐
ties of blood. Rheological parameters have a significant impact on the volume and the linear
blood flow, determining the values of total peripheral resistance and cardiac output of the
blood circulation [16,17]. There are not many publications assessing rheological and hemo‐
static parameters of blood, which provide optimal rate of blood circulation at changes of he‐
liogeophysical environment [1,18-20]. Thus, in the studies of laboratory of
helioclimatopathology in 2008-2009 it was found that the dependence of many rheological
(blood viscosity), hemostatic (platelet aggregation, clotting time, bleeding time, prothrombin
index) and hemodynamic (arterial pressure, pulse wave velocity, endothelial function) pa‐
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rameters varies with age. A significant age-related dynamics of associations of the physio‐
logical parameters with heliogeophysical factors in the prenatal ontogenesis of not only the
persons surveyed but also of their parents was marked. It is shown the existence of geneti‐
cally and epigenetically transferred from generation to generation “relay-race” of individu‐
al-generic sensitivity (steadiness) to the influence of various heliogeophysical factors,
including galactic and solar flows of protons and electrons of different energies [4].
It is shown that disturbances of blood fluidity with blood hyperviscosity and hypercoagula‐
tion are one of the leading links in pathogenesis of chronic cardiovascular diseases (coro‐
nary heart disease, hypertension) and also their serious complications [21-23, 5-7]. Increase
in blood viscosity and its aggregation potential increase hemodynamic disturbances at car‐
diovascular diseases and may promote myocardium and vascular remodeling, slowing of
neoangiogenesis, endothelium dysfunctions. These processes can be both a consequence and
a cause of hypertension [24].
Blood viscosity to a large degree is determined by the erythrocytes aggregation. Increased
erythrocytes aggregation leads to occlusion of precapillaries and capillaries by erythrocytes
aggregates, slow passage of erythrocytes in the narrow parts of blood channels, the general
slowing of peripheral blood circulation. Erythrocytes aggregation is a direct cause of capilla‐
ries stasis. As a result of long-termed erythrocytes adhesion oxygen content in the erythro‐
cytes decreases, carbon dioxide removes more difficult – all these processes negatively
influence on an organism. Moreover the erythrocytes aggregation is accompanied by their
damage with consequent isolation of erythrocytes clotting factors in the blood, which pro‐
motes hypercoagulation [22,25].
It is revealed that deformability of erythrocytes is decreased and erythrocytes and platelets
aggregation is increased in hypertensive patients. A link between “rigidness” of erythro‐
cytes and mass index of left ventricular myocardium was found. Changes of blood rheologi‐
cal parameters pass ahead disturbances of vasomotor endothelium function. Increase in
blood viscosity complicates hemodynamic disturbances in hypertension and can promote
myocardium and vascular remodeling [26].
Dependence of functional indices of the blood system on heliogeophysical disturbances is
observed in patients with cardio-vascular pathology [27,18,28,29,10]. As an example, the
studies, carried out on patients with coronary artery disease, show that at day of the begin‐
ning of geomagnetic disturbance, a sludge-phenomenon, perivascular changes, slowing of
capillary circulation up to stasis are occurring [18].
It is shown that hypertensive crisis, attacks of angina pectoris, acute conditions of coro‐
nary artery disease and cerebrovascular disturbances may be a consequence of the
changes of the hemodynamic, functional indices of the blood system, occurring at geo‐
magnetic disturbance [28,10].
All the above defines the importance of the study of complex dependencies of the blood
rheological, hemostatic and biochemical indices on changes of heliogeophysical environ‐
ment and the development of preventive measures in relation to patients with high helio‐
magnetosensitivity.
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The aim. To develop and test elements of a preventive system, reducing the risk of hemody‐
namic disturbances, crises and their complications in patients with arterial hypertension and
high heliomagnetosensitivity of hemorheologic and cardiovascular parameters.

2. Objectives
1.

To study the dependence of the rheological and hemodynamic parameters in patients
with arterial hypertension on heliogeophysical factors at different stages of ontogenesis.

2.

To study the influence of heliogeophysical factors on hemorheological parameters in
patients with arterial hypertension in conditions of short-term geomagnetic deprivation
of the blood samples.

3.

To develop a basis of prevention of heliomagnetotropic reactions in patients with arteri‐
al hypertension with the use of light-water-mediated information holographic impacts
(according to the patents RF № 2239860 from 05.05.2003 and № 2342149 from
27.12.2008).

3. The contingent and methods
• Patients with arterial hypertension (n = 240), men and women aged 38 to 64 years.
• Blood samples (n = 240) of these patients for the study of rheology (blood viscosity) and
hemostatic (clotting time, prothrombin index, bleeding time) parameters.
• Methods of hemodynamic studies (blood pressure, heart rate, pulse wave velocity and en‐
dothelial function by the device “Tonocard”).
• Hospital Anxiety and Depression Scale HADS.
• The computer program "Helios" to assess the functional dependence of the human sys‐
tems on heliogeophysical situation in early ontogenesis (Certificate of state registration №
970125 from 24.05.1997). The program “Helios” contains database of 100 years in depth of
the daily dynamics of the number and area of sunspots, solar radio emission in biotropic
range of 220 mHz and induction of the geomagnetic field. After introduction in a comput‐
er information of date of patients` birth, the program algorithm allows to consider the dis‐
tribution and value of the above mentioned factors in the different periods of prenatal
organism development and to distinguish the system with the most heliomagnetosensi‐
tivity. In the present study the program has been used to estimate the dependence of
hemorheological parameters on prenatal heliogeophysical situation.
• Data of satellite cosmophysical monitoring.
• Computer gaze-discharged visualization (GDV) (by K.G. Korotkov, 2002).
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• The installation, shielding the Earth's magnetic field (weakening of the full vector of geo‐
magnetic induction more than 500 times) structured by Y. Zaitsev (Figure 1).

Figure 1. The installation, shielding the Earth's magnetic field structured by Y. Zaitsev

Figure 2. The screening device "TRODR-1" for light-holographic treatment of drinking water in the weakening geo‐
magnetic field (A. Trofimov, G. Druzhinin, 2011)
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The portable screening device "TRODR-1" (by Trofimov A., Druzhinin G.) for light-holo‐
graphic treatment of drinking water in the weakening of the total geomagnetic field vector
in 300 times (Figure 2).
To determine the functional state of the cardio-vascular system the device “Tonocard” (Rus‐
sia, Moscow) (Figure 3) was used. The device has Protocol № 14 П-09-24-044 of medical
equipment, issued by 23.09.2009 by Federal Service on Surveillance in Healthcare and Social
Development of Russian Federation.

Figure 3. The device “Tonocard”

The following indices were evaluated: systolic and diastolic blood pressure, heart rate, veloci‐
ty of pulse wave, endothelial function. Endothelial function was determined by the difference
in pulse wave velocity before and after short-term (1 min.) occlusion of the brachial artery.
Fractional composition of blood lipoproteins was determined by the method of small-angled
X-ray scattering (SAXS), which is analogous to X-ray diffraction analysis, by small-angle Xray diffractometer Siemens (Germany) in the blood samples of the tested volunteers, physi‐
cians with hypertension. The study was conducted at 5 time points before and after
experimental course impacts: background (1), the control drinking water (2), holographical‐
ly treated water (3), the distant impact of the illuminated control hologram (4) and the infor‐
mation capacious hologram (5). In test series (3 and 5) the hologram containing analog
information about the complex helioprotective drugs was used.
Heliomagnetoprotective means on water and holographic basis. There is a method of creat‐
ing a hologram, including separation of the laser beam into the reference and object branch‐
es so that the geometric length difference between the branches did not be more than length
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of the coherent laser source. The disadvantage of this method is that it is not allowed to en‐
ter into the hologram nonvizualized physiologically meaningful information. ISRICA to‐
gether with "Holoart" created and patented (patent RF № 2239860 from 15.11.2004) a new
type of hologram recording that uses water-mineral carrier of nonvizualised physiologically
meaningful information about the quantum states of different drugs. The object of the holo‐
graphic recording can be in a state of active or passive transfer of information, or used as the
lens of the light beam. The present study used the holograms, which are the quantum ana‐
logues of the complex of antioxidant and anticoagulant agents.
Methods of mathematical (correlation) analysis of physiological and cosmophysical pa‐
rameters.

4. Results
4.1. Clotting blood system as an indicator of organism heliomagnetosensitivity in patients
with hypertension
A relationship between rheological, hemostatic, and other blood parameters and the intensi‐
ty of heliogeophysical factors was detected. A relative increase of the whole blood viscosity
(8.50±0.27 cPs vs. the normal value up to 5 cPs) was revealed in 99% of cardiovascular pa‐
tients, this increase directly correlating with the number of sun spots on the day of the study
(r=0.61; p<0.05). In cardiovascular patients, high sensitivity of the blood system to heliogeo‐
physical factors was detected: increase of solar activity was associated with a trend to a re‐
duction of blood fluidity and increase to its coagulation (Table 1).
Parameter

Main group (n=37)

Reference group (n=31)

CT

PI

BT

CT

PI

BT

SSN

-0,36*

0,46*

-0,01

-0,06

-0,15

-0,04

SR

-0,07

0,53*

0,14

-0,18

0,03

-0,08

Ap

-0,41*

-0,41*

-0,31

-0,14

0,02

0,32

Protons

0,06

-0,26

-0,11

-0,08

0,01

0,38*

Electrons

0,38*

-0,18

0,15

0,13

-0,09

0,33

Note: CT – clotting time; PI – prothrombin index; BT – bleeding time;
SSN – sun spots number; SR – solar radiation in the 220 mHz band; Ap – mean circadian geomagnetic index; protons –
solar particles with energy > 1meV; electrons – solar particles with energy >0,6 meV
Notes: * significant coefficients of correlation (Spearman, p<0,05)
Table 1. Correlations between hemostasis parameters and heliogeophysical factors during study

No appreciable relationship of this kind was observed in the reference group (n=31). In our
view, the obtained data indicate important for pathophysiology and clinic tendency to de‐
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crease in blood fluidity at increase in solar activity and reflect the particular sensitivity of the
blood to heliogeophysical factors at cardio-vascular diseases.
It is known that one of the basic elements, determining the blood viscosity and characteriz‐
ing blood system as a whole is the functional state of erythrocytes. For its indirect assess‐
ment the erythrocytes sedimentation rate (ESR) was determined. A significant inverse
correlation between ESR and area of sun spots (r=-0.33; p<0.05) on the day of the study was
detected in cardiovascular patients (n=36); in other words, ESR decreased with increase of
solar activity. No relationship of this kind was noted in the reference group (n=19).
The spectral and frequency characteristics of the blood, recorded by computer GDV, are sen‐
sitive indicators of helio-biospheric effects. A direct correlation (r=0.51; p<0.05) between the
area of GDV fluorescence of blood samples from hypertensive and coronary patients (n=65)
and the intensity of solar activity, determined by the intensity of stream of protons with en‐
ergy >10 meV, and a significant inverse relationship (p<0.05) of these GDV parameters with
the intensity of streams of solar electrons (r=-0.35), low-energy (1-10 meV) protons (r=-0.54),
and geomagnetic activity, evaluated by Ap index (r=-0.38), were detected. No relationships
of this kind were detected in the reference group (n=20).
The presented data confirm the functional dependence of the hemorheological parameters
on heliogeophysical environment at the moment of the study that is expressed differently in
sick and healthy persons.
Operational internet information (web.site www.sec.noaa.gov) is an important new element
of the prognosis of hemorheological dynamics in heliomagnetosensitive patients.
4.2. Dynamics of the rheological parameters of blood (in vitro) and cosmophysical
interfaces in short-term geomagnetic deprivation
The role of the Earth's magnetic field to maintain hemostasis was determined in the mod‐
eled reducing the total vector of geomagnetic induction in 500 times – in conditions of hypo‐
geomagnetic installation (HGMI). In an in vitro study, we found different variants of the
reaction of the rheological parameters of blood to the weakening of the geomagnetic field: in
the majority of cases (61.5%) there was a decrease in blood viscosity, in 34.6% - increase in
blood viscosity and no response – 3.9%, i.e., decrease in blood viscosity with the weakening
of the geomagnetic field is found in almost 2 times more than its increase. In conditions of
the weakened geomagnetic field statistically significant decrease in the blood viscosity was
revealed in patients with hypertension (in background conditions – 8.46 ± 0.26 cPs, in HGMI
– 8.05 ± 0.21 cPs, p = 0.01).
In the control group there was a trend to a decrease in viscosity in HGMI, but there were no
statistically significant differences.
Under experimental conditions of geomagnetic shielding, simulating individual elements of
multilevel shielded megalopolis space, essentially modulating the degree of biotropic effects
of natural physical factors, the group of cardiological patients exhibited reduction of correla‐
tions between blood viscosity and ESR (in vitro) and Wolf numbers (Figure 4).
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Figure 4. Dynamics of correlations between blood viscosity of cardiovascular patients and solar activity parameters in
exposure of blood samples in vitro in attenuated GMF. a) number of sun spots; b) area of sun spots; c) protons (solar
particles with >1 meV energy). *Significant coefficients of correlation (after Spearman; p <0.05.). 1) main group (basal
values); 2) main group (hypogeomagnetic exposure); 3) reference group (basal values); 4) reference group (hypogeo‐
magnetic exposure).

Short-term (30 min) exposure of blood samples from cardiovascular patients to attenuated ge‐
omagnetic field led to a significant (9-fold) decrease in the number of significant relationships
between blood GDV values and heliogeophysical factors. The only significant inverse correla‐
tion was detected: between the area of GDV fluorescence and intensity of protons with >1 meV
energy (r=-0.38; p<0.05; n=65). No effects of this kind were detected in the reference group.
Thus, it was found that short-term 30-minute geomagnetic shielding leads to a significant
decrease in blood viscosity and reduce its dependence on the intensity of solar and cosmic
radiation. In the conditions of the hypogeomagnetic field weakening of associations of the
blood system in patients with hypertension with the basic natural regulatory factors: solar
activity and cosmic radiation appears. This can have mixed consequences for the function‐
ing of the organism. In general, these data confirm the role of the geomagnetic field in main‐
taining of rheological homeostasis. Information concerning the level of geomagnetic
induction in the analysis of coagulation, blood transfusions, surgery, determining the dose
of anticoagulants, etc. should be evidence-based geo-ecological element of hemorheological
monitoring of heliomagnetosensitive patients.
We evaluated possible relationship between rheological, hemostatic, and other parameters
of the blood system and the heliogeophysical environment status not only during postnatal
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development, but also at the early stages of ontogenesis. The results indicated a significant
association (inverse correlation) between cardiovascular patients’ blood viscosity and geo‐
magnetic induction values during the 1st postnatal month (r=0.50; p<0.05; n=32). Significant
(p<0.01) inverse correlations between blood viscosity and Sun radiation intensity during the
early ontogenesis were detected in 12 subjects of the reference group. Numerous significant
coefficients of correlations (p<0.05), indicating an association of coagulation and fibrinolysis
processes in the blood of hypertensive and coronary patients with prenatal heliogeophysical
fluctuations (changes in solar radiation intensity and geomagnetic induction fluctuations)
were detected throughout all periods of intrauterine development (Table 2).
Parameter

Main group (n=37)

Reference group (n=31)

CT

PI

BT

CT

PI

BT

Ap DC

0,13

0,44

-0,04

0,26

-0,08

0,005

Ap 2

-0,02

0,10

0,46*

0,12

0,07

0,10

Ap 3

0,05

0,10

0,06

-0,13

-0,38*

0,42*

Ap 7

-0,38*

0,26

0,35*

-0,23

-0,21

0,32

Ap 8

-0,01

0,37*

0,25

-0,07

-0,08

0,15

Ap 10

-0,01

-0,01

0,50*

0,16

0,06

0,19

SSN 1

-0,15

0,40*

0,27

0,20

0,14

0,16

SSN 2

-0,10

0,38*

0,27

0,11

0,09

0,12

SSN 3

-0,09

0,28

0,40*

0,13

0,02

0,09

SSN 4

-0,15

0,28

0,37*

0,22

0,07

0,14

SSN 8

-0,23

0,37

0,39*

0,05

-0,02

0,10

SSN 9

-0,20

0,28

0,41*

0,16

0,17

0,05

SR DC

-0,52*

-0,08

0,28

-0,003

-0,02

0,28

SR 1

-0,52*

0,26

0,35

0,16

0,18

0,20

SR 4

-0,45*

0,10

0,47*

0,20

0,09

0,17

SR 5

-0,57*

0,04

0,49*

0,09

0,13

0,17

SR 6

-0,58*

-0,01

0,49*

0,25

0,18

0,08

SR 7

-0,63*

-0,01

0,44*

0,14

0,22

0,04

Notes:* significant coefficients of correlation (Spearman, p<0,05)
Ap – mean circadian geomagnetic index;
SSN-sun spots number;
SR – solar radiation in the 220 mHz band;
Table 2. Type of correlations between hemostasis parameters and heliogeophysical factors during different stages
(months) of embryogenesis
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Short-term attenuation of geomagnetic field led to repeated manifestation of inverse correla‐
tion between blood viscosity and intensity of geomagnetic induction during month 3 of ear‐
ly ontogenesis (r=-0.56; p<0.05; n=32) and a direct correlation between ESR and
magnetospheric turbulence during the same prenatal period (r=0.38; p<0.05; n=36). Month 3
of embryonal development, characterized by the appearance of the bone marrow hemo‐
poietic function, can be considered as one of the “critical” periods for the formation of func‐
tional relationships in the blood system, determining its sensitivity to many exogenous
factors, including the heliogeophysical ones.
Comparison of blood samples’ GDV parameters before and after short-term exposure to at‐
tenuated geomagnetic field showed that these parameters of cardiovascular patients were
also associated with prenatal heliogeophysical situation: they exhibited a significant direct
correlation (p<0.05; n=65) with the values of geomagnetic induction during months 1 and 2
of gestation (r=0.58, r=0.69, respectively) and solar radiation in the 220 mHz band during
month 8 of intrauterine development (r=0.71) and during birth (r=0.66). No associations of
this kind were observed under conditions of basal GMF (~49 000 nT at the latitude of Novo‐
sibirsk) in any of the groups of patients.
The mechanisms of “heliogeophysical imprinting”, discovered by Novosibirsk scientists 20
years ago [30], remain little studied. Involvement of the blood system in imprinting of pre‐
natal environmental factors was detected in cardiovascular patients, which seems important
for further studies of mechanisms, including the genetic ones [31], through which the mem‐
ory about conditions of early development can be imprinted in the cells till adult status and
be needed by adult body [32]. Imprinting of heliogeophysical environmental factors, pre‐
sumably realized through DNA methylation and blocking of gene expression at the earliest
stages of prenatal ontogeny [33], can be an important factor in the pathogenesis of cardio‐
vascular and other diseases.
Hence, the dynamics of bioheliogeophysical conjunctions between some human blood pa‐
rameters under conditions of simulated hypomagnetic space demonstrated its biotropic ef‐
fect on the blood clotting system in cardiovascular patients: many blood values in these
patients proved to be much more functionally dependent on the values of heliogeophysical
factors than in patients without hypertension or coronary diseases during the study and
during prenatal development.
The results of the work of the section identified the need of creation a system for forecasting
the risk of hemodynamic disturbances for the prevention of complications of cardiovascular
diseases in the context of geo-ecological factors at different stages of ontogenesis.
4.3. Dynamics of sensitivity in vitro of hemorheological parameters in patients with
hypertension to the effects of heliogeophysical factors and holographic information
In 2 series of study it was assessed the dynamics of correlation dependence of the blood vis‐
cosity on different stages of ontogenesis in remote effects on the blood tube laser beam (con‐
trol) and the laser beam, passing through “helioprotective enlightened hologram” with
analogous information about antioxidants and anticoagulants.
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In the 1-series viscosity parameters in the control (no additional action) had no significant
relationships with the intensity of the proton-electron flows at the time of the study. As the
effect of the laser beam a significant direct dependence of viscosity on proton flows with en‐
ergy about 10 meV was revealed. In passing the laser beam through the protective holo‐
gram, this dependence was completely leveled (Table 3).

Background
1 (control)
test
2 (experiment)
test

Pr>1meV

Pr>10 meV

Pr>100 meV

El>0,6 meV

El>2 meV

0,03

-0,11

-0,29

0,37

0,42

-0,32

0,60*

0,21

-0,51

-0,59*

-0,27

0,04

-0,43

-0,58*

-0,52

Notes:* significant coefficients of correlation (Spearman, p<0,05)
Table 3. Correlations of blood viscosity (in tests with holograms in the 1-series of study) from electron-proton
components of cosmic rays

In the 2nd series of studies the earlier findings were confirmed: at the impact of the laser a
direct dependence on the proton flow with energies of 10 meV occurs, helioprotective infor‐
mation containing in the hologram inverted a character of the relationship, inverse correla‐
tion appears (Table 4).

Background
viscosity
1 (control)
test
2 (experiment)
test

Pr>1meV

Pr>10 meV

Pr>100 meV

El>0,6 meV

El>2 meV

-0,34

-0,08

0,11

0,24

0,36

0,03

0,75*

0,55

-0,10

-0,23

0,18

-0,27

-0,22

0,02

0,18

Notes:* significant coefficients of correlation (Spearman, p<0,05)
Table 4. Correlations of blood viscosity (in tests with holograms in the 2-series of study) from electron-proton
components of cosmic rays

Thus, the laser induces direct dependence of the blood system, its rheological parameters on
solar proton flows, the helioprotective hologram eliminates this dependence.
Because the study used the blood of patients with hypertension, it should be borne in mind
with intravenous laser therapy to prevent blood hypercoagulation and thrombotic complica‐
tions during periods of increased solar corpuscular activity.
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Analysis of sensitivity of the blood system (by its viscosity) to the information contained in
the holograms in a hypothetical appeal to the "memory" of an organism about helio-geo‐
physical events in the prenatal ontogenesis was carried out.
From the data presented in Tables 5, 6, it follows that the laser effects on the blood (in vitro)
is a stress factor that forces the blood system to access the prenatally shaped experience of
interactions with heliogeophysical environment. Helioprotective information contained in
the hologram dampens stress, showing another safeguard quality - stress-protective.=
Geo

Geo

Geo

Geo

Geo

Geo

Geo

Geo

Geo

Geo

Geo

Geo

Geo

Geo

Geo

-1

Con.

1

2

3

4

5

6

7

8

9

10

birth

+1

total

0,05

0,02

background -0,02

0,17 -0,29 -0,02 0,10 -0,19 -0,14

-0,14

0,07 -0,33 0,07 -0,10 -0,02

1 test

0,53 0,91** 0,74* 0,17

0,29

0,64

0,69

0,50 0,79* 0,74* 0,69

0,43

0,43

0,55 0,74*

2 test

0,38

0,10

0,48

0,57

0,14

0,12

0,29

0,45

0,72*

0,53

0,33

0,50

0,43

0,60

0,57

Notes: significant coefficients of correlation (Spearman)
* - p<0,05;** - p<0,01
Geo -1, con.-induction of geomagnetic field (GMF) in the periods before and at the moment of conception
Geo 1-10- induction of GMF in the 1-10-th months of prenatal development
Geo Birth, +1- induction of GMF on the date of birth and in the 1-st month of postnatal life
Table 5. Correlations of blood viscosity (1 test – control; 2 test – with the use of hologram with illumination) from
geomagnetic induction in prenatal period

Geo

Geo

Geo

Geo

Geo

Geo

Geo

Geo

Geo

Geo

Geo

Geo

Geo

Geo

Geo

-1

Con.

1

2

3

4

5

6

7

8

9

10

birth

+1

total

initial

0,02

0,02

0,02

-0,21

0

-0,19

0,02

-0,10 -0,14 -0,14 -0,10 -0,14

0,17

0,05

-0,07

1 test

0,60

0,74*

0,60

0,69

0,55

0,38

0,60

0,64

0,43

0,24

0,41

0,24

-0,26

0

0,57

2 test

0,48

0,52

0,48

0,33

0,36

0,14

0,48

0,41

0,21

0,17

0,26

0,12

0,05

0,17

0,36

Notes: significant coefficients of correlation (Spearman)
* - p<0,05;** - p<0,01
Geo -1, con.-induction of geomagnetic field (GMF) in the periods before and at the moment of conception
Geo 1-10- induction of GMF in the 1-10-th months of prenatal development
Geo Birth, +1- induction of GMF on the date of birth and in the 1-st month of postnatal life
Table 6. Correlations of blood viscosity (1 test – control; 2 test – with the use of hologram with illumination) from
indices of solar activity in prenatal period

Overall, the data on the meaning of ultra-weak environmental factors in hemorheological
dynamics are presented. In addition, based on the data obtained it is promising during a la‐
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ser therapy to take in account heliogeophysical situation and to use holographic helioprotec‐
tive and anticoagulant filters.
4.4. Dynamics of heliomagnetosensitivity of an organism in hypertension by the data of
course clinico-physiological tests of water-holographic heliomagnetoprotective means
It was noted that in the conditions of repeated short-term holographic impacts many hemo‐
dynamic parameters improved: systolic and diastolic blood pressure decreased, pulse wave
velocity decreased, endothelial function improved.
At holographic impact, the inverse correlation dependence of endothelial function on such
parameters as solar activity (the number and area of sunspots) and proton component of he‐
liogeophysical environment was revealed, i.e. at high concentrations of protons endothelial
function decreased (Table 7).
SSN

SSA

Ap

Am

Pr5

Background

0,54

0,53

-

-

0,48

Control

-

-

-

-

-

Hologram

-0,45

-0,48

-

-

-0,47

Table 7. Significant (p <0.05) correlations of endothelial function with heliogeophysical factors in the background,
control and holographic testing

Attention is drawn to the same type of changes in correlations of hemodynamic indices with
the proton component of the different energies in the process of transition measurement
from the background to the control and from the background to the test.
Thus, according to data obtained Ph.D. V.Ya. Polyakov, course short-term use of holograms
with analog helioprotective information (holographic glasses in 5 minutes, the source of
"cold light" at a distance of 1.0 m) leads to a change in the above parameters and their inter‐
faces with heliogeophysical factors in the direction indicating helioprotective-effect [34].
The data are presented, demonstrating the expressed heliomagnetoprotective effect of pro‐
tracted taking of drinking water treated with the use of light -holographic technologies,
which is to improve the health and optimize the connection of endothelial function with he‐
liogeophysical environment.
Holographic treatment of drinking water in hypopogeomagnetic installation by way patent‐
ed in Russia (Russian patent 2342149 on 27.12.2008) led to the creation of a new protective
product-heliomagnetoprotective drinking water. Its trial for 2 weeks on a group of volun‐
teers under the control of the dynamics of lipid profile, which is of great importance to hem‐
orheology, was to prove or disprove the expected heliomagnetoprotective effect in relation
to the dependence of the content in the blood of lipoproteins of different density on biotrop‐
ic heliogeophysical factors.
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It was carried out an assessment of the dynamics and dependencies of the distribution of the
inhomogeneous electron density of lipoprotein macromolecules (nanoparticles of about 10 ÷
103 A), of their geometric and the weight invariants in venous and capillary blood of the
subjects (n = 4) on the intensity of X-ray and radio emission from the sun, the flow of elec‐
trons with energies greater than 0.6 and more than 2.0 meV, neutrons, protons with energies
greater than 1.0, more than 10,0 and more than 100.0 meV, as well as the ion plasma temper‐
ature, as measured by satellites of Goes, at the holographic testing.
Two subjects (K and L) revealed different dynamics of investigated correlations. In the pa‐
tient K., when taking holographic water, a direct correlation of high-density lipoprotein on
the flow of solar protons increased; in the patient P at the direct holographic impact a direct
dependence of low density lipoproteins on proton flow with energy of 100 meV weakened
(Table 8).
The subject

Background

Control water

Holographic

Control

Hologram+

water
О

0,60

0,56

0,62

0,47

0,38

Л

0,37

0,41

0,63

0,45

0,38

К

0,50

0,50

0,77*

0,37

0,47

Р

0,58

0,67*

0,73*

0,77*

0,37

Notes:* significant coefficients of correlation (Spearman, p<0,05)
Table 8. Correlations (Spearman) of different density lipoproteins in the capillary blood with the daily values of the
cosmic rays of different energies and charges

The data in the table provided by PhD T.V. Kuznetsova, concern only the parameters of ca‐
pillary blood, in venous blood this dependence was not observed [34].
Therefore, this study allows to make the conclusion about the sensitivity of the blood sys‐
tem, its rheological characteristics to cosmo-heliogeophysical impacts and that the expressed
association of hemorheological parameters with heliogeophysical environment is to a large
degree determined by its exposure in the period of prenatal development. It was found that
susceptibility to cardiovascular disease depended on the peculiarities of interaction of the
adult with cosmo-heliogeophysical factors during its early ontogenesis. The data are pre‐
sented indicating the possible formation of resistance to the development of cardiovascular
pathology in individuals with a certain variant of dependence of the blood viscosity on the
heliogeophysical conditions in the early stages of ontogenesis. It was found that the shortterm 30-minutes geomagnetic shielding led to a considerable decrease in blood viscosity and
its dependence on the intensity of solar and cosmic radiation. These findings not only deep‐
en the fundamental understanding of the solar-biosphere relations but also have practical
significance for the development of therapeutic and preventive measures during periods of
geomagnetic disturbances while managing patients with chronic cardiovascular pathology.
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To decrease organism heliomagnetosensitivity we applied helioprotective holograms, con‐
taining information on a number of drugs. The application of helioprotective holograms has
led to the optimization of relationship of blood rheological parameters in patients with hy‐
pertension with heliogeophysical environment, reduce in dependence of blood viscosity in‐
dices on solar and cosmic radiation.
In the short-term repeated holographic exposures associations of endothelial function indi‐
ces with heliogeophysical environment improved.
The course intake of holographically treated water led to helioprotective effect, which con‐
sists in a more favorable, antiatherogenic shift of lipid spectrum with increasing cosmic radi‐
ation.

5. Conclusions
Blood coagulation system reflects personal pronounced degree of dependence of hemorheo‐
logical parameters and the whole organism in patients with arterial hypertension on solar
and geomagnetic activity at different stages of ontogenesis.
Heliogeophysical environment is an important environmental risk factor for the develop‐
ment of hemorheological and hemodynamic disturbances in patients with arterial hyperten‐
sion during periods of solar and geomagnetic perturbations.
Short-term exposure of blood samples in conditions of high-gradient changes of the magnet‐
ic field of the Earth in the installation, modulating its weakening more than 500 times, re‐
sults in significant changes of associations of hemorheological and heliogeophysical
parameters and proves the role of the geomagnetic field in the mechanisms of maintenance
of the hemorheological constancy.
The short-term effect of holographic information on blood samples in patients with arterial
hypertension, transmitted to them through a red helium-neon laser, reveals the early-onto‐
genetic memory of the organism, altering the expression and vector of dependence of the
rheological parameters of blood on heliogeophysical situation in the prenatal period of de‐
velopment, as well as on the proton-electron component of solar (cosmic) rays at the mo‐
ment of the investigation.
The short-term test light-mediated effect of holograms, containing helio-protective informa‐
tion, reveals its preventive character, since it establishes a significant inverse correlation de‐
pendence of endothelial function, pulse wave velocity and other hemodynamic parameters
on the magnitude of the geomagnetic induction, which biotropic value was studied at exper‐
imental geomagnetic deprivation
The course (2 weeks) receiving by patients with arterial hypertension of drinking water with
heliomagnetoprotective properties led to an improvement of well-being of patients, stabili‐
zation of hemodynamic parameters and manifestation of their advance (48 hours or more)
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correlation with heliogeophysical parameters allowing an organism to adapt to high-gradi‐
ent fluctuations of the natural electromagnetic environment.
Heliomagnetoprotective means used in the form of drinking waterand light-holografic devi‐
ces open new perspectives for their practical application in the system of geo-environmental
prevention of hemorheological and hemodynamic disturbances in patients with arterial hy‐
pertension.
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Chapter 4

Performance of Fresh Portland Cement Pastes –
Determination of Some Specific Rheological
Parameters
R. Talero, C. Pedrajas and V. Rahhal
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/53761

1. Introduction
The hard, strong and durable cement−based product required by the user is only achieved
following a period of plasticity but the attention paid to its fresh properties is small, despite
the far−reaching effects of inadequate fresh performance. Pumping, spreading, moulding
and compaction all depend on rheology and thanks to an increasingly scientific approach it
is becoming possible to predict fresh properties, design and select materials and model proc‐
esses to achieve the required performance. Rheology is now seriously considered by users,
rather than being seen as an inconvenient and rather specialised branch of cement science.
A number of papers [1-3] have been published on the variations in the technological proper‐
ties of Portland cement blended with active mineral additions. One of the properties that
varies significantly once hydration begins is rheology, with the change of state in the materi‐
al, in whose measurement and analysis a series of different methodologies are called into
play [4-7].
The rheological behaviour of pastes, mortars and concretes continues to be a subject of anal‐
ysis in light of the large number of factors involved in cement blending, mixing and hydra‐
tion (such as type of cement, type and proportions of mineral additions and presence or
otherwise of admixtures). Very generally, rheology describes the deformation of a “body”
subjected to loading. The “body” in this case refers to solid and liquid materials. Ideal solids
deform elastically, whereby the energy required in the deformation is recovered when the
load is removed. Ideal fluids, by contrast, deform irreversibly because they flow. The energy
required for deformation is dissipated in the fluid as heat and cannot be recovered by mere‐
ly removing the load involved. Real bodies behave neither like ideal solids nor ideal fluids,

©
Author(s).
Licensee
InTech.This
Thisischapter
is access
distributed
under
the terms
of the
Commons
© 2013
2013 The
Talero
et al.; licensee
InTech.
an open
article
distributed
under
theCreative
terms of
the Creative
AttributionAttribution
License http://creativecommons.org/licenses/by/3.0),
which permitswhich
unrestricted
distribution,
Commons
License (http://creativecommons.org/licenses/by/3.0),
permitsuse,
unrestricted
use,
and reproduction
in any medium,
the original
work
properly
cited.
distribution,
and reproduction
in provided
any medium,
provided
theisoriginal
work
is properly cited.

58

Rheology - New Concepts, Applications and Methods

and may be irreversibly deformed under the effect of sufficiently large forces. The vast ma‐
jority of liquids exhibit behaviour somewhere in between fluids and solids: they are viscoe‐
lastic bodies. Solids may be subjected to perpendicular and tangential stress, whereas fluids
can be subjected to tangential (shear) stress only.
Fluid viscosity, represented as η, is defined as its resistance to flow when subjected to shear
stress. Newton was the first to formulate a law for viscosity, known as his friction law, ac‐
cording to which for ideal liquids:

t = h .g

(1)

where τ is shear stress, η is viscosity and γ is strain or the shear rate. The correlation be‐
tween shear stress, τ, and strain, γ, is defined as the liquid’s fluid behaviour This correla‐
tion, known as a flow curve, is plotted in Fig. 1.

Figure 1. Fluid types.

For ideal liquids, the flow curve is a straight line: the quotient of all the τ-γ pairs on that line
is a constant. In other words, viscosity, η, is unaffected by changes in shear rate. All liquids
for which this relationship holds are called “Newtonian” and all others “non-Newtonian”
fluids. Cement paste fluid behaviour cannot be described by a flow curve such as in Fig. 1.
Rather, since these pastes tend to form flocs, a certain minimum shear stress needs to be ap‐
plied before they begin to flow. In this case the flow equation can be expressed as shown
below.

t = t0 + m . g

(2)

Performance of Fresh Portland Cement Pastes – Determination of Some Specific Rheological Parameters
http://dx.doi.org/10.5772/53761

This equation describes the so-called Bingham model, where τ is shear stress; τ0, threshold
shear stress; μ, plastic viscosity; and γ, shear rate or strain. Plastic viscosity is an indication
of the number and size of the flocs, while threshold shear stress is a measure of the strength
and number of interactions severed when stress is applied.
In addition to the difference between Newtonian and non-Newtonian fluids, the latter may
exhibit dilatant or thixotropic behaviour, as illustrated in Fig.1 [8, 9].
Actually, there are qualitative and quantitative disagreements between the results for ce‐
ment paste reported by different research workers. The flow curve has been reported to fit
several different mathematical forms, all of which indicate the existence of a yield stress:
Bingham [10]

t = t o + mg&

(3)

t = t o + Ag& B

(4)

t = A(g& + B)C

(5)

t = t o + mg& + Bg& 2

(6)

t 1/n = t o1/n + ( mg& )1/n

(7)

t =t o + mg& e - Ag&

(8)

Herschel−Bulkley [11]

Robertson−Stiff [12]

Modified Bingham [13]

Casson [11]

De Kee [13]

Yahia and Khayat [13]

(

t = t 0 + 2 t 0 mp

) (g&e )
12

Ag&

12

(9)
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where A, B and C are constants.
Additionally the numerical values reported for the rheological parameters cover a very wide
range, which cannot be wholly explained by variations in the materials used. It can only be
accounted for by accepting that differences in experimental technique and apparatus of dif‐
ferent workers have a much greater effect than has been generally realised. Differences in
the shear history at the time of test, undetected plug flow and slippage at the smooth surfa‐
ces of a viscometer could all combine to give experimental variations as large as those re‐
ported. However, there is general agreement on two fundamental qualitative aspects of the
behaviour of cement pastes.
First, the material breaks down during the test and hysteresis loops with the downcurve
falling to lower stresses than the upcurve are obtained when the flow curve is determined
over a short cycle time. The shape changes systematically with increasing cycle time through
loops with a crossover point to loops showing structural build up [14], attributable to chemi‐
cal reaction during the course of the test, but Hattori and Izumi [15] explained the effect in
terms of the competition between coagulation and deflocculation processes. The apparent
need to fit the range of models in equations 1−7 may be the result of not allowing for the
possibility of structural breakdown during the test.
Second, the material has a yield stress which decreases, in line with reductions in the appa‐
rent viscosity indicated by the rest of the curve, as the total amount of shearing energy expe‐
rienced by the paste increases. Thus successive hysteresis loops fall to progressively lower
values of torque in a coaxial cylinders viscometer [16], yield stress and plastic viscosity fall
to an equilibrium value as the time of mechanical mixing is increased [17] and the effect can
be quantified in terms of the total shear energy received by the sample prior to the test
[18,19]. This structural breakdown has been amply confirmed by experiments carried out
under both continuous steady shear rate and continuous steady stress. In the former the re‐
lationship between shear stress and time is affected by the shear rate in the experiment and
was explained theoretically by Tattersall [16] using a linkage theory, in which the links be‐
tween particles are broken by the work done in shearing the paste.
A material’s rheology is measured with rheometers or viscometers. A rheometer is a device
that measures the viscoelastic properties of solids, semi-solids and fluids, whereas a viscom‐
eter is a more sensitive instrument that cannot accommodate large particles.
The two main types of viscometers are:
a.

native stress-controlled viscometers, in which the shear stress is user-defined to find the
respective shear rate (or strain)

b.

native strain- (or shear rate)-controlled viscometers, in which the strain is user-defined
to find the respective shear stress. [20].

With the ultimate aim of researching the effect of active and non active (fillers) mineral addi‐
tions on pure Portland cement rheology, the impact of the variables involved on the findings
was analysed in this first stage. After establishing a measuring scheme, the variations in
paste rheological behaviour were determined from initial hydration up to the first nadir on
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the calorimetric curve. Its trials were conducted on two pure Portland cements with very
different potential mineralogical compositions, whose behaviour in conduction calorimetry
and response to sulphate attack had been studied in prior research [21-32]. Finally, this rheo‐
logical study of PCs is much involved with segregation phenomena and workability of their
respective concretes and mortars and, as a consequence, with their durability.
On the other hand and with regard to the filler, the particle surfaces are positively or nega‐
tively charged during grinding with Portland clinker and gypsum and/or when mixing
process with water and aggregates, consequently and respectively attracting OH- and Ca2+
ions [33] very at the start of the hydration. This first layer of anions or cations in turn attracts
a second cluster of Ca2+ or OH- ions, respectively. As the ionic layer thickens, the electro‐
static force of the particles declines [34]. Besides this, the following much more important
consideration has to be also taken into account when the hydration moves forward: all inor‐
ganic particles assume a charge when dispersed in water.
The charged particle surface then attracts a layer of counter-ions (ions of the opposite
charge) from the aqueous phase. Due to ionic radio considerations, the strongly adsorbed
counter-ions will not fully offset the surface charge. A second layer of more loosely held
counter-ions then forms. At a certain distance from the particle surface, the surface charge
will be fully balanced by counter-ions. Beyond this point, a bulk suspension with a balance
of negative and positive electrolyte exists. The size of the double layer will depend firstly on
the amount of charge on the particle surface. A large charge, whether positive or negative,
will result in a large double layer that stops particles getting close to each other because of
the electrostatic repulsion between those particles carrying the same electrical charge. This
situation is typical of stable (deflocculated) suspensions having a low viscosity. Conversely,
a low surface charge requires fewer counter-ions and smaller double layers. Accordingly,
particles then tend to flocculate which leads to high viscosity suspension. The zeta potential
(mV) can be related to the energy needed to shear the particle and its inner layer of counterions away from the outer layer / bulk medium. This phenomenon has been illustrated in Fig.
2. In short, as it was mentioned earlier that particle charge influences the double layer size
and so the zeta potential. Thus, the potential in this region decays with distance from the
surface, some distance until it becomes zero (Fig. 2).
When a voltage is supplied to a solution with dispersed particles, the particles are attracted
by the electrode of opposite polarity, together with the fixed layer and part of the diffuse
double layer. The potential in the limit of the unit, said cutting plane, between the particle
and its ionic atmosphere surrounding medium, is called zeta potential.
The zeta potential is a function of the charged surface of a particle, any adsorbed layer at the
interface and the nature and composition of the medium in which the particle is suspended.
The zeta potential can be calculated with the following expression Smoluchowski's:

z =

4ph
´ U ´ 300 ´ 300 ´ 1000
e

(10)
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ζ=Zeta Potential (mV)
η=Viscosity of Solution
ε+Dielectric Constant
U=

ν
V /L

: Electrophoretic Movility

ν=Speed of Particle (cm/sec)
V= Voltage (V)
L= The distance of Electorode

Figure 2. Electrostatic phenomenon in a solution for a charged particle. Graphical description of the Zeta potential.

Determination of the zeta potential is very simple. Applying a controlled electric field by
means of electrodes immersed in a sample suspension, this causes the charged particles to
move through the electrode of opposite polarity. Viscous forces acting on the particle in mo‐
tion tend to oppose this movement, establishing a balance between the two forces of electro‐
static attraction and viscous drag. the zeta potential has a considerable influence on the
rheology of cement, so that increasing the magnitude of the zeta potential (both negative
and positive) increases the low shear viscosity. The zeta potential depends on conditions of
temperature, pH and others.

2. Materials and methodology
To ascertain the differences in the response depending on the variations in the rheological
trial parameters, pastes were prepared with ordinary type CEM I Portland cement [35]
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(whose mineralogical composition and other physical parameters, midway between PC1
and PC2, were as follows: 58.5 % C3S; 7.5 % C2S; 7.5 % C3A; and 11.5 % C4AF; density 3.06
and BSS 325), distilled water and a water-cement ratio of 0.5. The paste was mixed manually
for 2 minutes in a porcelain crucible and poured into the viscometer annulus.
The rheological measurements were taken with a Haake Roto Visco 1 rotational viscometer
fitted with a Z38 DIN 53018 rotor spindle, a Z43 DIN 53018 graduated flask, a temperature
control unit for coaxial cylindrical systems and a DC 30-B3 circulation thermostat [20].
The measurement schemes analysed, designed by combining angular velocity, stage dura‐
tion and velocity step size (in rad/sec), are shown in Fig. 3.

Figure 3. Rheological Measurement Schemes

Based on the results obtained in the preceding stage, a measurement scheme was designed
and trials were conducted every 20 minutes (up to the time of the respective first nadir on
the calorimetric curve [21-26] (Fig.3)) on two pure Portland cement pastes whose mineralog‐
ical composition was diametrically opposed. This compositional difference explained the
difference in test time [21-26]: 120 minutes in paste PC1 and only 100 minutes in paste PC2,
because 100 minutes is very near to 97 minutes 12 seconds ≈ 97 minutes, which was really
the age of the 1st nadir for PC2. The physical-chemical characteristics of the two Portland ce‐
ments are given in Table 1, along with their potential mineralogical composition, density
and Blaine specific surface (BSS).
The two Portland cements exhibited similar fineness (Table 1 and Fig. 5), and the difference
in their density could be partially attributed to their mineralogical composition. The water
demand to prepare a standard consistency paste [36] was higher in PC1 than in PC2, a find‐
ing related to the capacity to form new hydrated compounds that required more chemically
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combined water. Setting times [36], in turn, were shorter in PC1 (Initial Setting Time: 200 mi‐
nutes) than PC 2 pastes (IST: 270 minutes) [21-32]. This was also related to the formation of
the new hydrated compounds that contribute to early age mechanical strength, primarily
C3A in this case [21-32][37]. The two Portland cements were also mixed with water at a w/c
ratio of 0.5 and placed in warm (25ºC) water until tested.

PC1

H Ca(OH)2
M AFm
T Aft
G gypsum

(Age: 120 minutes)

PC2

(Age:

97 minutes)

Figure 4. XRD analysis at the calorimetric curves nadir stages [16] for early hydration of PC1 (1st nadir at 120 min. age)
and PC2 (1st nadir at 122 min. age)

In addition, the two PCs were analysed with the Frattini test [38] at very early ages: PC1 at
20, 40, 60, 80-100 and 120 minutes and PC2 at 20, 40, 60, 80 and 100 minutes (Figs. 6(a) and
(b)). This test [38] is valid for pozzolanic or type CEM IV cements only [35]. Nonetheless,
even though neither PC had to pass it, both were tested to compare their [CaO], [OH-] and
liquid phase pH at such early ages to better explain and understand their behaviour in the
subsequent rheology tests. In the Frattini test for POZC, the calcium hydroxide content in
the aqueous solution in contact with the hydrated sample kept at 40 ºC for 2, 7 and 28 days
was compared to the solubility isotherm for calcium hydroxide in an alkaline solution kept
at the same temperature. The mineral addition is regarded to produce pozzolanic activity (=
positive result) when the calcium hydroxide concentration in the sample solution was below
the solubility isotherm curve, but as both PC are plain, i.e., both of them had not any pozzo‐
lan amount and, for this reason, the [Ca] and [OH-] contents of their respective liquid phase
have to be, in contrast, necessarily over the solubility isotherm curve for calcium hydroxide
in alkali solution (= negative result). The findings are given in Figs. 6(a) and (b).
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Portland cements

Materials
Parameters

PC1

PC2

C3S, %

51

79

C2S, %

16

2

C3A, %

14

0

C4AF, %

5

10

Álcalis eq., %

1.5

0.4

Density (Kg/l)

3.08

3.21

SSB, m2/kg

319

301

Water demand, w/c

0.31

0.28

Initial setting point, min

3:20

4:30

Final setting point, min

5:10

6:15

Table 1. Chemical composition and physical parameters of two Portland cements

Figure 5. Particle size distribution of two Portland cements (Laser granulometry)

The effect of different mineralogical composition on the zeta potential of cement P1 and P2
was determined on a Malvern Instruments ZETASIZER 2000 particle sizer. The measuring
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principle consisted of forcing the particles to be studied across an electric field using laser
light scattering techniques. After the bombardments of the particles, the refracted laser will
be collected by a correlator in order to transform the data of measurement of the electric po‐
tential of double-layer of particle. An aqueous solution in contact with the hydrated sample
were injected into the analyser. After stirring, the solutions introduced in the injection
equipment to various ages: 20, 60, 120 minutes, initial and final setting time, first minimum
and second maximum of the calorimetric curve. Then conducted a total of nine measure‐
ments for each solution.

3. Results and discussion
3.1. Frattini test: [CaO], [OH-] and liquid phase pH values (Figs. 6(a) and (b))
The Frattini test findings, (Fig. 6(b)), confirmed that both PCs were pure Portland type mate‐
rials, for neither passed the test at any age (nor would they pass it at any age, naturally), as
all the pastes were above the solubility isotherm for Ca(OH)2 in an alkaline solution. The test
nonetheless afforded the following information.
(a)
12.80

(b)
55

P1

7

PY6

12.75

6´
5

12.60

1
2
3
4
4´
5
5´
6
6´
7
7´

4
1 2 3

12.55

12.50

0

100

200
Age (min)

20 min
40 min
60 min
90 min
80 min
120 min
100 min
Initial setting time
Initial setting time
Final setting time
Final setting time

300

400

5´
1

35
[CaO] mM/l

1 2

4´

40

7´

3

2
3

45

4

12.65

1

50

6
5

12.70

pH

66

6´
2

3

7´

4 5

30

6
7

25
20
15
1
4
5
6
7

10
5
0

20

20 min
2
40 min
90 min
4´
120 min
5´
Initial setting time 6´
Final setting time 7´

25

30

3
60 min
80 min
100 min
Initial setting time
Final setting time

35

40

45

50

[OH-] / mM/l

Figure 6. pH values and Frattini test results of the liquid phase for the two PC: PC1 and PC2

1.

Regardless of the test age considered and all else being equal, the [CaO] values were
consistently higher and the [OH-] values were consistently lower in PC2 than in PC1.
The reason was the enormously different mineralogical composition of the two cements
(Table 1), with PC2 having 79 % C3S, 2 % C2S, 0 % C3A and 0.56 % Na2Oeq., and PC1 51
% C3S, 16 % C2S, 14 % C3A and 1.24 % Na2Oeq. Consequently, more hexagonal crystal
portlandite precipitated in the PC2 than the PC1 paste during hydration. By contrast,
more KOH and NaOH were generated in PC1. Being much more soluble and exhibiting

Performance of Fresh Portland Cement Pastes – Determination of Some Specific Rheological Parameters
http://dx.doi.org/10.5772/53761

greater exchange capacity [39], they remained in the liquid phase at increasing concen‐
trations, especially NaOH, raising the alkalinity and the pH values of that phase (Figs.
5(a) and (b)) as hydration moved forward. These findings should have been reflected as
well in paste behaviour in the rheology test: all else being equal, the shear stress values
would necessarily be consistently higher in paste PC2 than in paste PC1. This expected
behaviour was in fact observed in the present study (see Table 2 and the final para‐
graphs of item 3.2).
2.

The decline in [CaO] in the liquid phase during the test, along with the rise in the [OH-]
values, was more or less sinusoidal in both cements (Figs. 6(a) and (b)). These findings
might well be mirroring PC hydration and portlandite formation. Initial mixing with
water until each liquid phase reached supersaturation would be reflected as the seg‐
ments more or less parallel to the X axis. The concomitant precipitation of portlandite
crystals in each paste would appear as the segments sloping more or less downward on
the two curves. This would be followed by further hydration until the liquids again be‐
came supersaturated, and subsequent precipitation of more portlandite. This process
would continue in both PCs until their entire stock of C3S and C2S was depleted.

Since neither NaOH nor KOH crystals would ever precipitate during hydration in this test
[38], the respective pH values in the liquid phase of each paste would logically rise through‐
out hydration (Fig. 6(a)). And the higher the Na2O (%) and K2O (%) values in the PC, the
steeper would that rise be. By contrast, the shear stress values in the respective paste or solid
phase (Table 2) should have declined with rising alkali concentration. Both relationships, di‐
rect and indirect, were in fact found in this study (see Table 2 and the final paragraphs of
item 3.2).
Time

Shear Stress (Pa) of PC1

Time

Shear Stress (Pa) of PC2

(min.)

A

B

C

D

E

(min.)

A

B

C

D

E

20

62.35

32.61

6.41

31.86

7.54

20

163.1

76.10

14.55

50.06

12.86

40

71.09

36.98

6.03

34.78

8.16

40

168.0

81.95

14.61

47.94

13.41

60

79.33

48.03

11.01

44.52

9.97

60

176.2

77.65

13.78

47.76

12.93

80-100

93.12

56.12

14.09

46.57

13.18

80

172.5

79.11

12.39

42.55

11.38

120

91.91

54.07

12.30

46.15

11.35

100

162.5

75.78

12.04

42.87

12.83

Table 2. Most important Shear Stress values of two Portland cements

All the above findings were observed, moreover, despite the higher C3A content in PC1 (14
%) than in PC2 (0 %). As a result,
• together with the formation and precipitation of portlandite crystals, prismatic, likewise
hexagonal ettringite or AFt phase needles should also form in paste PC1; these would lat‐
er evolve into hexagonal AFm phase needles (Fig. 4), in addition to CSH gels generated by
C3S and C2S; and
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• the initial setting time of PC1 should be shorter [36].
Despite these two unfavourable circumstances, however, its shear stress values never ex‐
ceeded the values recorded in identical conditions in paste PC2, since by that time its liquid
phase was much more basic than the PC2 liquid phase.
3.2. Rheological test findings
The flow curves for rheological measurements 1 to 7 made on CEM I [35] cement paste are
shown in Fig. 7. In measurement 1, which had five angular velocities rather than the three in
the other measurements, higher shear was required in the downward than in the upward
arm, an indication of the formation of new bonds in the interim, leading to greater strength
than at the beginning of the trial. A comparison of measurements 2 and 3 reveals the effect
of the step size between stages: more bonds were broken when the step was larger. The ini‐
tial stage was the same in measurements 1, 2 and 3: 30 seconds at 27 rad/sec.
The difference between measurements 3 and 4 lay in the initial velocity. An increase from 27
to 45 rad/sec was found to generate a shorter hysteresis cycle.
In measurements 1 to 4, the duration of each stage was 30 seconds, whereas in measurement
5 the duration was 10 seconds. Shortening the stage duration led to an overlap between the
last ramp up stage and the first ramp down stage.
In all the aforementioned cases, one velocity was ramped to the next quickly. In measure‐
ment 6, however, the angular velocity of the initial stage was raised more slowly. Under
these conditions, shear strength was found to be higher and the upward and downward
arms to have a steeper slope, as a comparison of measurements 5 and 6 shows
Lastly, in measurement 7 the initial stage was lengthened to 150 seconds and the ramp
down was begun immediately, followed by the ramp up. In this case greater stress was ob‐
served in the ramp up, which stood as proof that fewer bonds were broken during the ramp
down that preceded it.
After analysing the effect of each of the aforementioned parameters, a measurement scheme
was designed with 10-second stages, three velocities and down ramping proceeding up
ramping. The scheme designed, shown in Fig. 8 with five singular points, was as follows:
10’’ from 0 to 45 rad/sec; 30’’ at 45; 10’’ from 45 to 27; 10’’ at 27; 10’’ from 27 to 9; 10’’ at 9; 10’’
from 9 to 0; 10’’ at rest; 10’’ from 0 to 9; 10’’ at 9; 10’’ from 9 to 27; 10’’ at 27; 10’’from 27 to 45;
30’’ at 45 and 10’’ from 45 to 0. Therefore, singular points A, B, C, D and E, whose precise
values for each PC tested are given in Table 2, were obtained from the measurement
schemes shown in Fig. 7.
This measurement pattern was used to analyse the effect of Portland cement type (PC1 or
PC2) and hydration time (at a w/c ratio of 0.5) on paste rheology. The rheological parame‐
ters were measured every 20 minutes until the first nadir appeared on the respective calori‐
metric curves, previously plotted with a conduction calorimeter at 25 ºC [21-26] and
analysed by XRD technique as well (Fig. 4). The rheological results obtained in this study
are given in Figs. 9 and 10.
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Figure 7. Flow curves of the seven rheological tests
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Figure 8. Rheological test finally selected for the two Portland cement: PC1 and PC2

Given the potential mineralogical composition of PC1 (Fig. 9) and due very likely to the for‐
mation and precipitation of ettringite hexagonal prismatic needles and rosettes and hexago‐
nal portlandite and phase AFm platelets [27-32] (Fig. 4), the initial shear stress at point A
rose from one measurement to the next as the hydration reactions progressed. Shear resist‐
ance declined substantially (up to 30-38 Pa) (thixotropic behaviour) at point B at all meas‐
urement times, since the angular velocity was held constant up to that point, although the
general pattern was the same as for point A (increase from one measurement to the next as
hydration progressed). Despite the removal of the mechanical force deriving from the spin
transmitted by the rotor to the paste at point C, the paste nevertheless retained a certain
amount of stress, which, as in point A, rose as hydration progressed. This was very likely
due to the rotational inertia that remained in the paste particles (numerous and varied),
even though the rotor had been stopped completely for 10” before reaching point C. At
point D, then, the stimulus was the same as at point B, although the shear resistance exhibit‐
ed by the paste was 1 to 10 Pa smaller at the former for the above reasons. This infers that
most of the bonds, which initially had a stiffening effect (even if only due to gravity) be‐
cause of the static position of the solid particles in the paste at the outset, and which must
have been broken in B, were restored. This restoration must logically have occurred more
speedily at earlier ages, given the lower force needed. Lastly, at point E, at the end of the
test, remnant shear stress was recorded, as at point C. But in this case the values were great‐
er at 20 and 40 minutes and smaller at 60, 80-100 and 120 minutes, a logical result, for the
pastes were closer by then to their initial setting time (3h:20m) and ettringite, portlandite,
phase AFm and CSH gel formation and precipitation should have increased.
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Figure 9. PC1 sequence of responses

The initial shear stress at point A likewise grew from one measurement to the next during
the first hour of PC2 hydration (Fig. 10), after which it declined. Shear stress was found to be
much greater than in PC1 due to the mineralogical composition, and consequently, to the
nature of the many and diverse reaction products forming in the first few minutes. As in
PC1, shear strength was observed to be lower (thixotropic behaviour), in this case by 87 to
100 Pa, at point B than at point A at all the test times and for the same reason, although the
value climbed throughout the trial. In both PC1 and PC2, shear strength declined at point B
by around one half of the value reached at point A. At point C, when the rotational force
induced by the rotor and transmitted to the paste was completely removed, the PC2 paste
was also observed to retain some stress, although with a clearly downward trend over time.
As in cement PC1, at point D, the stimulus was the same as at point B, although the shear
resistance exhibited by the paste was smaller (26 to 37 Pa). This would mean that some of
the bonds which initially had a stiffening effect (even if only due to gravity) because of the
static position of the solid particles in the paste at the outset, and which must have been bro‐
ken in B, were restored, although this restoration was less intense than in PC1. Lastly, at
point E, at the end of the trial, remnant shear stress was recorded, as at point C, but with
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lower values up to 80 minutes and higher values thereafter. This would have been expected
because the setting time for this cement was longer, 4h:30m. Nonetheless, the behaviour was
totally different from PC1 at this point, likewise as would have been expected in light of its
totally different mineralogical composition.

Figure 10. PC2 sequence of responses

Moreover, point by point at any given test age, the shear stress value in PC1 was consistent‐
ly lower than in PC2. The reason would necessarily have been the hydroxy-induced [OH-]
alkalinity; consequently, the pH of the liquid phase in PC1 was always higher than in PC2.
Lastly, at all five points, the shear stress on PC1 rose as hydration moved forward, but only
up to the age of 80-100 minutes, after which it declines. In the PC2 paste, by contrast,
• at point A stress grew up to the age of 60 minutes, to decline thereafter through the end of
the trial,
• at point B stress followed a sinusoidal pattern, i.e., rising between 20 and 40 minutes and
alternately rising and falling from that time on,
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• at point C (1st remnant) stress grew up to the age of 40 minutes and then declined steadi‐
ly through the end of the rheological trial,
• at points D and E (2nd remnant):
• in PC1 paste, as noted, stress rose up to the age of 80-100 minutes and then declined
through the end of the trial, at 120 minutes, and
• in the PC2 paste, the stress values followed a sinusoidal pattern from the beginning to the
end of the trial, rising in the final, 100-minute paste.
The reason for such a broad difference in the two cements’ rheological behaviour, particular‐
ly as regards points D and E, between the last but one and the last age (80-100 to 120 mi‐
nutes in PC1; 80 to 100 minutes in PC2), must have been that at those ages, the alkalinity
values ([OH-] and pH) of their liquid phases were more widely separated than at any other.
In other words, pH was lower than at any other age in paste PC2 and higher than at any
other age in paste PC1 (see Fig. 6), even though the end of the rheological trial, 120 minutes,
is nearer to its initial setting time (IST: 200 minutes) in PC1, than 100 minutes in PC2 (its IST
is 270 minutes). All the foregoing was the result, in turn, of the differences in the potential
chemical composition of the two PCs, here specifically in terms of their Na2Oeq (%) content,
which was 1.24 % > 0.6 % in PC1 (not a low alkali cement) [40] and 0.56 % < 0.6 % in PC2 (a
low alkali cement). This, together with the higher C3S content in the latter than in PC1 (79
compared to 51 %), would have induced more intense precipitation of microscopic hexago‐
nal portlandite crystals and CSH gels in the solid phase of the paste, as a result of the perma‐
nent supersaturation in the liquid phase. That in turn must have raised the initial mass of
the paste. Along with the hexagonal shape of the portlandite crystals, such increased mass
would have led to a rise in the shear stress, reversing the decline recorded up until that time,
contrary to the behaviour observed in PC1 in this regard.
Consequently, the PC1 paste behaved more uniformly at all points and ages than the PC2
paste.
3.3. Electrokinetic study
The zeta potential test findings for several pastes of Portland cements PC1 and PC2 are
shown in Figure 11(a). Moreover, this figure also shows the results of conductivity (Fig. 11
(b)) and ionic mobility (Fig. 11 (c)) of all the pastes of both Portland cements.
In Figure 11 (a) shows the zeta potential at any age Portland cement PC1 was lower than for
the case of Portland cement PC2. This behavior is related to the pH values obtained (Figure
6), since the more basic the pH of the sample is more negative potential corresponding value
of Z (Fig. 12). Again, the reason was that regardless of the test age considered and all else
being equal, the [CaO] values were consistently higher and the [OH-] values were consis‐
tently lower in PC2 than in PC1, due to the different mineralogical composition of the two
cements (Table 1). Consequently, more hexagonal crystal portlandite precipitated in the PC2
than the PC1 paste during hydration. By contrast, more KOH and NaOH were generated in
PC1. Being much more soluble and exhibiting greater exchange capacity [39], they remained
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in the liquid phase at increasing concentrations, especially NaOH, raising the alkalinity and
the pH values of that phase (Figs. 6(a) and (b)) as hydration moved forward.
The zeta potential is determined by the nature of the particle surface and the dispersion re‐
gion, and as mentioned above pH is often an important parameter. Figure 12 shows an ex‐
ample of the variation of zeta potential and pH, The curve crosses the X axis, this point is
called the isoelectric point. This means that the particles do not experience repulsion, so that
the particles agglomerate. In fact there may be some attraction near this value as well, and as
a rule if you want to ensure that there is repulsion between particles we must ensure that
the value of zeta potential is greater than +30 mV and-30mV. Therefore, two Portland ce‐
ments exhibit in the instability area of potential Z until the hydration reactions are complet‐
ed and the pH is increased to stabilize. Therefore zeta potential values of the two Portland
cements become increasingly approaching more negative to stable region.

Figure 11. (a) Z Potential values of two Portland cements used PC1 and PC2. (b) Conductivity of two Portland cements
used both PC1 and PC2. (c) Ionic Mobility of two Portland cements used both PC1 and PC2.

Therefore, PC1 is the Portland cement that reached the highest values of zeta potential caus‐
ing further dispersion of individual particles. This means that the system approaches the
stable area and consequently the corresponding viscosity of the pastes is greater PC2 ce‐
ment. All the foregoing is the result, in turn, of the differences in the potential chemical com‐
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position of the two PCs, PC1 (not a low alkali cement) and PC2 (a low alkali cement). This
statement is acuared with the water demand to prepare a standard consistency paste [36],
was higher in PC1 than in PC2, a finding related to the capacity to form new hydrated com‐
pounds that required more chemically combined water. Setting times [36]. The higher C3S
content in the latter than in PC1, would have induced more intense precipitation of micro‐
scopic hexagonal portlandite crystals and CSH gels in the solid phase of the paste, as a result
of the permanent supersaturation in the liquid phase. So would have led to a rise in the
shear stress, reversing the decline recorded up until that time, contrary to the behaviour ob‐
served in PC1 in this regard.

Figure 12. Dependence of Zeta Potential with pH

In Figure 11 (b) shows the evolution of the conductivity of two Portland cements with age.
The differences in the two cements are mainly due to their very different mineralogical com‐
position, specifically in terms of their Na2Oeq (%) content, which was 1.24 % > 0.6 % in PC1
(not a low alkali cement) [40] and 0.56 % < 0.6 % in PC2 (a low alkali cement). Moreover, the
graphs of the two Portland cements having the same pattern, however, the Portland cement
PC2 lags the cement PC1, because the rate of hydration of portland cement mineral compo‐
nents PC1 is increased. The increased speed of hydration corresponding to C3A, and the PC1
cement contains about 14%.
Furthermore, in connection with the ionic mobility (Figure 11 (c)) is met and the above ex‐
plained through the graph shown in Figure 12. The ions present in the Portland cement sam‐
ples from PC2 have higher ionic mobility. This trend is related to the zeta potential results
obtained for the two Portland cements as for Portland cement PC1 values are closer to the
stable zone where the ions are more dispersed. By contrast, the values for the Z potential of
Portland cement PC2 are closer to the unstable zone, so that different ions tend to agglomer‐
ate, thus its ion mobility is higher.
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4. Conclusions
The following conclusions may be drawn from this study.
1.

Rheological measurement design has a substantial impact on the type of response. Con‐
sequently, a given stimulus may yield different shear strength values as well as both
thixotropic and anti-thixotropic behaviour, depending on the measurement scheme used.

2.

The following findings were observed in connection with the mineralogical composi‐
tion of Portland cement and its effect on the nature and development of the many and
diverse hydration products forming in the initial phases of hydration of the fresh paste.

a.

Similar behaviour: ≈ 50% decline in shear stress after 30” of rotation and further loss
when the stimulus was repeated

b.

Clearly different behaviour: higher shear strength in paste PC2, greater bond recovery
in paste PC1

c.

Remnant shear stress (points C and E) in paste PC1 that declined throughout the trial;
in paste PC2, the values at point C also declined, whereas at point E they rose, as would
be expected, further to conclusion 3.

3.

The explanation for the preceding conclusions, in particular conclusion 2, lies in the dif‐
ferences in [CaO] and [OH-] in the liquid phases of the two PCs and their concomitant
pH values. These, in turn, were the result of the differences in their mineralogical com‐
position, especially with respect to their N2O (%) and K2O (%) contents, which deter‐
mined the higher alkalinity in PC1 and the lower shear strength of the paste made from
that material.

4.

PC1 is the cement that reached the highest values of zeta potential causing further dis‐
persion of individual particles. This means that the system approaches the stable area
and consequently the corresponding viscosity of the pastes is greater PC2 cement. All
the foregoing is the result, in turn, of the differences in the potential chemical composi‐
tion of the two PCs.
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Measurement and Prediction of Fluid Viscosities at
High Shear Rates
Jeshwanth K. Rameshwaram and Tien T. Dao
Additional information is available at the end of the chapter
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1. Introduction
Polymeric materials in general are viscoelastic in nature because they exhibit strong depend‐
ence of deformation and flow on time and temperature. Molecular structures in polymeric
materials undergo rearrangements when a load is applied in order to minimize localized
stresses imposed by the applied load. Performance of materials in real time applications can
only be evaluated by testing the materials under conditions that the material would encoun‐
ter in real time applications. This poses serious problems in evaluating materials that would
need to be in service over very long periods of time or if the material undergoes deforma‐
tions (rates) over a wide range. For example, it would be impossible to evaluate the flow be‐
havior of materials in solar panels over the span of time they are designed for (20 – 30
years). Similarly, aircraft/spacecraft materials that are rated for service up to thousands of
hours cannot be evaluated. Measurements taken using an instrument at a set temperature
usually cover a range of three to four orders of magnitude of time or frequency [1]. This
range is usually not sufficient to evaluate material viscoelastic behavior in the complete
range of frequencies required, from the low frequency terminal zone to high frequency
glassy region.
Viscosity measurements of materials have become a very essential part of a wide variety of
industries including petroleum, food, plastics, paint and composite industries, especially in
the last decade. With the advent of advanced lightweight structures like fiber reinforced
plastics, that possess high specific strength and specific modulus, the development of testing
techniques to evaluate the lifetimes of such materials in operating environments has become
of high importance. The life times of some of these materials are a few years which makes it
impossible to conduct real time experiments for that span of time. The TTS technique works

©
Author(s). Licensee
InTech.
ThisInTech.
chapterThis
is distributed
terms
of the Creative
Commons
© 2013
2013 The
Rameshwaram
and Dao;
licensee
is an openunder
accessthe
article
distributed
under
the terms of
Attribution
http://creativecommons.org/licenses/by/3.0),
which permits unrestrictedwhich
use, distribution,
the
CreativeLicense
Commons
Attribution License (http://creativecommons.org/licenses/by/3.0),
permits
and reproduction
in any medium,
the original
is properly
cited.
unrestricted
use, distribution,
andprovided
reproduction
in anywork
medium,
provided
the original work is properly cited.

82

Rheology - New Concepts, Applications and Methods

very well in such situations to predict the behavior of the material over the life time of the
material in specific applications.
Time-temperature superposition (TTS) has been used to solve the kind of problems men‐
tioned above over the last few decades. This technique is well grounded in theory and ap‐
plies to a wide variety of hydrocarbon materials that are thermorheologically simple.
Thermorheologically simple materials are those where all relevant relaxation and retarda‐
tion mechanisms as well as stress magnitudes at all times and frequencies have the same
temperature dependence.
The theory and mechanisms that form the basis for the TTS technique have been well docu‐
mented in literature. However, a brief overview of the underlying theory of the TTS techni‐
que is presented to refresh the readers’ memory.
The first step towards using the TTS technique is to generate data at several temperatures
close to the temperature at which the flow properties/deformations of the material in
question are to be evaluated (reference temperature). The flow curves at the temperatures
obtained can then be superposed on to a master curve showing the material behavior at
reference temperature. The TTS technique is based on the facts that the molecular rear‐
rangements that occur due to applied stresses take place at accelerated rates at elevated
temperatures and that there is an analogous relationship between time and temperature
[2, 3]. These phenomena lend to the ability to conduct measurements at elevated tempera‐
tures and then superpose the data to lower temperatures. Superposing the data to lower
temperatures enables the analyst to predict the material behavior over a large time scales
(small deformations over long periods of time). Similarly, superposing lower temperature
data to a higher temperature enables one to predict the material behavior over smaller
time scales (high shear rates).
The extent of shifting along the x and y axes in the TTS technique, in order to superpose ex‐
perimental data on to that at the reference temperature, is represented by the horizontal
shift factor aT and vertical shift factor bT. Variables that have units of time or reciprocal time
get subjected to a horizontal shift and variables that have units of stress or reciprocal stress
are subject to a vertical shift [1]. The vertical shift factor (bT) can be calculated using the
equation 1 [4, 5]:
bT = T 0ρ0 / T ρ

(1)

The horizontal shift factor is given by the Arrhenius relationship:

()

aT T = exp

Ea
R

(

1
T

-

1
T0

)

(2)

Where Ea is the activation energy, R is the gas constant, T is the measurement temperature
and T0 is the reference temperature. This relationship is valid as long as the measurement
temperature is well above the Tg of the material. For measurement temperatures closer to Tg,
the following relationship holds well:
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log aT =

-c1(T - T 0)
c2 + (T - T 0)

(3)

Where c1 and c2 are empirical constants.
The application of TTS to predict the creep behavior of materials over long period of time
has been in practice for a few decades. However, predicting material flow behavior and vis‐
cosity values of materials at extremely high deformation rates is a relatively unchartered ter‐
ritory. This study demonstrates the use of capillary rheology to measure viscosity profiles of
motor oils up to high shear rates of 2,000,000 s-1. Viscosity profiles of oils at six different tem‐
peratures up to shear rates of ~ 2,000,000 s-1are presented. The data sets at lower tempera‐
tures (100, 110, 120, 130 and 140 °C) are superposed on to the data set at 150 °C using the
TTS technique (IRIS software) in order to predict the viscosity behavior of the oil at extreme‐
ly high shear rates (up to ~ 15 million s-1) at 150 °C. This study demonstrates that the TTS
technique can be used to predict such data with reasonable accuracy.

2. Experimental
Steady shear rheological measurements of two [2] oil samples: Newtonian control oil sample
and a commercially available multiweight motor oil, using a RH 2000 Dual Bore, Bench Top
Capillary Rheometer with a die of dimensions 0.156 x 65 mm are presented in this study. A
69 MPa pressure transducer is used for all experiments in this study. The shear rates used in
this study range from ~ 50,000 – 2,000,000 s-1. Viscosity profiles of both oils at 100, 110, 120,
130, 140 and 150 °C are presented.
The viscosity profiles of the control oil show Newtonian behavior at all temperatures and
shear rates measured. The commercial oil however, exhibits slight shear thinning at lower
temperatures and Newtonian behavior at higher temperatures. Also, the viscosities of both
samples decrease with increase in temperature. The dies used in this study are fitted in an
in-house designed die holder with a heating sleeve heated to test temperatures in order to
sustain uniform operating temperatures throughout the length of the dies.
Time temperature superposition (TTS) is used to estimate viscosity values of the two [2] oils at
extremely high shear rates using the IRIS software. TTS shifting gives viscosity data at higher
shear rates with reasonable accuracy while eliminating the upturn in viscosity at high shear
rates due to turbulence. Viscosity profiles of respective oils at 100, 110, 120, 130 and 140 °C are
shifted to superpose on to the viscosity profile at 150 ºC to generate the master curve, which
predicts the viscosity profile up to extremely high shear rates (~ 15 million s-1).

3. Results and discussion
The reliability of any data always depends on the calibration and accurate measurement ca‐
pabilities of the instrument. Therefore, proper calibration and verification of the perform‐
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ance of the instrument is necessary in order to generate accurate and reliable data. Figure 1
presents the viscosity profile of a NIST traceable Newtonian viscosity standard oil with
nominal
Figure
1 viscosity of 10 cP at 25 ºC. The data verifies the accuracy of the measurements and
demonstrates that the instrument is properly calibrated.

10 cP Standard oil @ 25 °C
1.E-01

Viscosity (Pa.s)

84

1.E-02

1.E-03
1.E+04

1.E+05

1.E+06

Shear rate (1/s)
Figure 1. Steady state shear viscosity of 10 cP nominal viscosity standard oil at 25°C.

Figure 2 presents the viscosity profiles of a Newtonian oil at 100, 110, 120, 130, 140 and 150
°C. Data indicates that the oil is Newtonian in the range of shear rates and temperatures
measured and is sensitive to temperature, i.e., viscosity decreases with increase in tempera‐
ture. The high end shear rates measured experimentally are unique to this study. Viscosity
measurements up to the high shear rates represented in this study are achievable by using a
die with high L/D (length/diameter) ratio (> 400) using an in-house design. The die fits into
an in-house designed die holder, which can be modified to fit any commercially available
capillary rheometer. Commercially available capillary rheometers are generally not equip‐
ped to measure viscosities of low viscosity fluids at high shear rates. The temperature range
used in this study is chosen due to the fact that flow behavior of the oils at temperatures
below 100 ºC indicates strong shear thinning at high shear rates. A shear thinning viscosity
profile cannot be superposed on to a Newtonian viscosity profile to generate the master
curve using the TTS technique because the relaxation and retardation mechanisms at play in
shear thinning behavior are different from the mechanisms at play in Newtonian behavior.
As mentioned above, only data that involves similar molecular rearrangement mechanisms
can be used to conduct the time-temperature superposition.

Figure 2

Measurement and Prediction of Fluid Viscosities at High Shear Rates
http://dx.doi.org/10.5772/54282

Control oil

Viscosity (Pa.s)
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100C
110C
120C
130C
140C
150C

1.E-03
1.E+04

1.E+05

1.E+06

1.E+07

Shear rate (1/s)
Figure 2. Steady state shear viscosity profiles of the control oil at 100, 110, 120, 130, 140 and 150 °C.

The commercial multiweight oil viscosity profiles in the temperature range of 100 – 150
ºC at 10 ºC increments are presented in Figure 3. Data indicates that this oil is slightly
shear thinning up to 130 ºC, but shows Newtonian behavior above this temperature. As
expected, the oil viscosity decreases with increase in temperature. It is to be noted that in
Figures 2 and 3, the viscosity profiles at 120 ºC and above show an upturn at shear rates
above 1,000,000 s-1. This upturn is due to the onset of secondary flows (turbulence). Tur‐
bulent flow manifests itself as an upturn in viscosity due to additional resistance to flow.
The use of the high L/D ratio dies pushes the onset of turbulence to shear rates of ~
1,000,000 s-1, which otherwise would set in at much lower shear rates leading to mislead‐
ing viscosity values. This in turn would make it impossible to estimate viscosity values at
high shear rates using TTS.
One of the applications of this study is in estimating the viscosity of motor oil in engine
parts, where the oil undergoes extremely high shear rates. As there is no way of achiev‐
ing true viscosity values experimentally while mimicking the shear rates present in the
engine parts, the use of TTS to estimate the viscosity values at such high shear rates (~
1,000,000 – 15,000,000 s-1) is very useful. Also, the detrimental effects of turbulent flow in
viscosity measurements at high shear rates can be eliminated by estimating the viscosity
values using TTS.
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Figure 4 presents the master curves obtained by superposing the viscosity profiles of the
control sample oil and the commercial multiweight non-Newtonian oils (from Figures 2 & 3,
respectively) at 100 – 140 ºC on to that at 150 ºC. As expected, estimated viscosity values us‐
ing TTS at shear rates higher than those measured experimentally (> 1,000,000 s-1) show that
the Newtonian oil is constant up to ~ 15,000,000 s-1 shear rate. However, the non-Newtonian
oil exhibits slight shear thinning behavior, as would be expected from the experimental da‐
ta. Figure 4 also compares the experimental data sets at 150 °C with respective master curves
generated using TTS. It is demonstrated that the upturn in viscosity due to secondary flows
is eliminated as well by using the TTS. The y-axis is plotted on a linear scale for clarity.

Commercial Oil
1.E-02

Viscosity (Pa.s)
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100C
110C
120C
130C
140C
1.E-03
1.E+04

150C
1.E+05

1.E+06

1.E+07

Shear rate (1/s)
Figure 3. Steady state shear viscosity profiles of the commercial multiweight oil sample at 100, 110, 120, 130, 140 and
150 °C.

The transition from laminar to turbulent flow in capillary rheometry plays an important role
in determining whether the viscosity values obtained experimentally are real. This transition
can be determined by calculating the Reynolds numbers. Figure 5 presents the Reynolds
numbers of the control oil as a function of pressure drop. The Reynolds numbers are calcu‐
lated using the Fanning friction factor given in equation (4) [6]:
f=

ΔP
L

×

D
2ρν2

(4)
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where ΔP is the pressure drop, D is the die diameter, L is the die length, ρ is the fluid densi‐
ty and v is the fluid velocity in the die. In order to check if the flow in the studied shear rate
range is laminar, the Reynolds numbers are also calculated using the Hagen-Poiseuille equa‐
tion given by equation (5):

Figure 4

f=

16
Re

(Laminar flow)

(5)

TTS superposed master curves
0.006
0.0055

Viscosity (Pa.s)

0.005

Control oil - TTS shifted
Control oil - Capillary
Commercial oil - TTS shifted
Commercial oil - Capillary

0.0045
0.004
0.0035
0.003
0.0025
0.002
1.E+04

1.E+05

1.E+06

1.E+07

1.E+08

Shear rate (1/s)
Figure 4. Estimated viscosity data of the control and commercial oils over a very large range of shear rates at 150 °C
using TTS compared to original viscosity profile using capillary rheology.

For flow in the transition and turbulent regions, the Blasius formula given in equation (6) is
employed:
f=

0.079
1

Re 4

(

Turbulent flow

)

(6)

Reynolds numbers for all samples are calculated using equations (5) and (6) to check if the
flow is in the laminar region or the turbulent region. Reynolds number calculations suggest
there is a transition in the flow pattern from laminar to turbulent flow in the Reynolds num‐
ber range of 850 – 1000. The pressure drop data is corrected for kinetic energy contributions
as well. From experience, the transition from laminar to turbulent flow commences when
the graphs of laminar and turbulent flow start to converge, in this case around a Reynolds
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number of ~ 850. The onset of complete turbulent flow is assumed to set in approximately at
the point where the laminar flow graph intersects the turbulent flow graph. The x-axis in the
figure is5plotted on a log scale for clarity.
Figure

Control oil
20
15
Pressure drop (MPa)
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Turbulent
Laminar
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0
-5

-10
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1.E-01

1.E+00

1.E+01

1.E+02

1.E+03

Reynolds number

Figure 5. Reynolds numbers of the control oil as a function of pressure drop using equations (b) and (c).

Figure 6 shows the Reynolds number at the point of viscosity upturn for the control oil at
high shear rates. This upturn in viscosity is attributed to the transition from laminar flow to
turbulence in capillary flow for this configuration. For the purpose of this study, an increase
in viscosity by ~ 10% is where the transition from laminar to turbulent flow is assumed to
commence. The Reynolds number of ~ 820 presented in Figure 6 is calculated using equation
(5), and the Reynolds number 1450 is calculated using equation (6).
In order to check for viscous heating effects in the capillary at high shear rates, the Nahme
numbers (Na) for all the data points presented in this report are calculated. The Na number
needs to be less than 1 for die viscous heating to be neglected. The Na number can be calcu‐
lated by the following equation (7): where β is the temperature sensitivity of viscosity, η is
the viscosity of the fluid, γ is the shear rate, R is the radius of the die, and k is the thermal
conductivity of the fluid.
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Na =

βηγ R 2
4k

(7)

All Na values except at shear rates above 1,000,000 s-1 were lower than 1 for both oils, there‐
by indicating that viscous heating effects can be neglected up to shear rates of 1,000,000 s-1.
Data above 1,000,000 s-1shear rate at any temperature is not used for TTS shifting in this
study. It should be noted that the Na approaches 1 at 1,000,000 s-1 at 100 ºC. Samples with
higher viscosity and/or at lower temperatures will have Na higher than 1 below 1,000,000 s-1
shear rates, in which case, viscous heating effects would need to be taken into account while
Figure 6
calculating the real viscosities of such samples.

Increase in viscosity due to turbulence (control oil)
20

Viscosity increase (%)

15

Re ~ 1450

10
5
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in viscosity

0

Re ~ 820
-5
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1.E+05

1.E+06

1.E+07

Shear rate (1/s)
Figure 6. Increase in viscosity (percent) of the control oil due to onset of turbulence at 150 ºC.

4. Conclusions
This study emphasizes the importance and explains the applications of high shear rate vis‐
cosity measurements. A novel technique to measure low viscosity fluids at high shear rates
(~ 50,000 - 2,000,000 s-1) is developed using capillary rheology. The difficulty to achieve relia‐
ble viscosity measurements at shear rates above 1,000,000 s-1 is addressed and a method
(time-temperature superposition) to estimate the viscosity behavior of low viscosity fluids
with reasonable accuracy up to extremely high shear rates (~ 15,000,000 s-1) is established. It
is demonstrated that the time-temperature superposition (TTS) technique also alleviates the
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problem of errant viscosity numbers at high shear rates (> 1,000,000 s-1) due to onset of tur‐
bulent flow. This study is expected to have a prolific impact on low viscosity - high shear
rate applications such as oil flowing through engine parts, paint spray guns, petroleum
pipelines, among other applications in various industries.
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Unsteady Axial Viscoelastic Pipe Flows of
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A. Abu-El Hassan and E. M. El-Maghawry
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/53638

1. Introduction
The unsteady flow of a fluid in cylindrical pipes of uniform circular cross-section has appli‐
cations in medicine, chemical and petroleum industries [3,4,5]. For viscoelastic fluids, the
unsteady axial decay problem for UCM fluid is considered by Rahman et al. [6]; and for
Newtonian fluids as a special case. Rajagopal [7] has studied exact solutions for a class of
unsteady unidirectional flows of a second-order fluid under four different flow situations.
Atalik et al. [8] furnished a strong numerical evidence that non-linear Poiseuille flow is un‐
stable for UCM, Oldroyd-B and Giesekus models. This fact is supported experimentally by
Yesilata, [9]. The unsteady flow of a blood, considered as Oldroyd-B fluid, in tubes of rigid
walls under specific APGs is concerned by Pontrelli, [10, 11].
Flow of a polymer solution in a circular tube under a pulsatile APG was investigated by
Barnes et al. [12, 13].The same problem for a White-Metzner fluid is performed by Davies et
al. [14] and Phan-Thien [15]. Recently, periodic APG for a second-order fluid has been stud‐
ied by Hayat et al. [16]. Numerical simulation based on the role of the pulsatile wall shear
stress in blood flow, is investigated by Grigioni et al. [1].
The present paper is concerned with the unsteady flow of a viscoelastic Oldroyd-B fluid
along the axis of an infinite tube of circular cross-section. The driving force is assumed to be
a time-dependent APG in the following three cases:
i.

APG varies exponentially with time,

ii.

Pulsating APG,

iii.

A starting flow under a constant APG.
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2. Formulation of the problem
The momentum and continuity equations for an incompressible and homogenous fluid are
given by

r

dq
dt

= -ÑP + Ñ × S ,

(1)

Ñ × q = 0,

(2)

and

where ρ is the material density, q is the velocity field, p is the isotropic pressure and S is the
̿
Cauchy or extra-stress tensor. The constitutive equation of Oldroyd-B fluid is written as
Ñ

Ñ

(3)

T=
- pI + S; S + l1 S =
m { A1 + l2 A1 }

where T is the total stress, I is the unit tensor, μ is a constant viscosity, λ1 and λ2, (0 ≤ λ2 ≤ λ1)
̿

̿

are the material time constants, termed as relaxation and retardation times; respectively. The
deformation tensor A1 is defined by
̿

T

A =
L + L ;L =
Ñq.

(4)

1

and “∇ ” denotes the upper convected derivative ; i.e. for a symmetric tensor G we get,
̿

Ñ

=
G

¶G
¶t

T

+ q × ÑG - G × L - L × G.

(5)

The symmetry of the problem implies that S and q depend only on the radial coordinate r in
̿
the cylindrical polar coordinates (r,θ,z) where the z-axis is chosen to coincide with the axis
of the cylinder. Moreover, the velocity field is assumed to have only a z-component, i.e.
q = (0, 0, w),

(6)

which satisfies the continuity equation (2) identically. The substitution of Eq. (6), into Eqs.
(1) and (3) yields the set of equations
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Srz + l1

¶Srz
¶w
¶2w
= m(
+ l2
),
¶t
¶r
¶r¶t

(7)

¶p ¶Srz 1
¶w
=
+ Srz - r
,
¶z
¶r
r
¶t

(8)

¶p ¶p
=
= 0.
¶r ¶q

(9)

Equations (8) and (9) imply that the pressure function takes the form; p = z f (t) + c, so that
¶p
= f (t ).
¶z

(10)

The elimination of Srz from (7) and (8) shows that velocity field w(r, t) is governed by:

r (l1

¶2w
¶t

2

+

¶w
¶ ¶ 2 w 1 ¶w
¶ ¶p
) - m (1 + l2
)(
+
) =-(1 + l1
) .
¶t
¶t ¶t 2 r ¶r
¶t ¶z

(11)

The non-slip condition on the wall and the finiteness of w on the axis give
w(r , t )|r = R = 0 and

¶w
= 0.
¶r |r = 0

(12)

Introducing the dimensionless quantities

h=

l
l m We
mL
r
mt
,t =
,j =
w , l = 2 and H = 1 2 =
,
2
2
R
Re
l1
DPR
rR
rR

(13)

where R is the radius of the pipe, ΔP a characteristic pressure difference, L is a characteristic
length, We and Re are the Weissenberg and Reynolds numbers; respectively, into Eqs. (10),
(11) and (12) we get

H

¶ 2j
¶t 2

+

¶j
¶ ¶ 2j 1 ¶j
¶
- [1 + l H ][ 2 +
] = [1 + H ]Y(t ),
¶t
¶t ¶h
h ¶h
¶t

(14)
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with the BCs.
¶j (0,t )
= 0,
¶h

(15)

L ¶p
L
Y(t ) =
=
f (t ).
Dp ¶z
Dp

(16)

j (1,t ) = 0 and

and

Equation (14) subject to BCs. (15) is to be solved for different types of APGs; i.e. different
forms of the function Ψ(τ).

3. Pressure gradient varying exponentially with time
We consider the two cases of exponentially increasing and decreasing with time APGs sepa‐
rately.

3.1. Pressure gradient increasing exponentially with time
Let,
2
L ¶p
Y(t ) =
=
Kea t ,
Dp ¶z

(17)

2
j (h ,t ) = g(h )ea t ,

(18)

and assume that

where K and α are constants. The substitution of Eqs. (17) and (18) into Eq. (14) leads to

g¢¢ +

1
a 2 ( Ha 2 + 1)
Ha 2 + 1
g¢ g
=
K
,
h
l Ha 2 + 1
l Ha 2 + 1

while the BCs. (15) reduce to

(19)
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g(1) = 0, g¢(0) = 0

(20)

A solution of Eq. (19) subject to the BCs. (20) is
K

g=
(h )

a

2

[1 -

I 0 ( bh )
],
I0 ( b )

(21)

where I0 (x) is the modified Bessel-functions of zero-order, and

b2 =

a 2 (1 + Ha 2 )
1 + l Ha 2

(22)

.

Therefore, the velocity field is given by
,t )
j (h=

K

a

2

[1 -

I 0 ( bh ) a 2t
]e
.
I0 ( b )

(23)

The solution given by Eq. (23) processes the following properties:
i.

The time dependence is exponentially increasing such that for η ≠ 1 limϕ(η, τ) → ∞.
τ→∞

It may be recommendable to choose another APG which increases up to a certain
finite limit in order to keep ϕ(η, τ) finite.
ii.

The present solution depends on the parameter β in the same form as the solution
for the UCM [6]. For any value of β the Oldroyd-B fluid exhibits the same form as
the UCM- fluid. However, in the present case β depends on λ in addition to H and
α2. A close inspection show that limβ = β for the UCM-fluid while the limβ = α
2

2

λ→0

2

2

λ→1

which coincides with the case of the Newtonian fluid, [8].
iii.

The parameter β is inversely proportional to λ where the decay rate increases by
increasing the value of H. However, as mentioned above, as λ approaches the val‐
ue λ = 1 all the curves matches together approaching the value β2= α2 asymptotical‐
ly. The behavior of β as a function of λ, where H is taken as a parameter is shown
in Fig. (1).

For small values of | β | and by using the asymptotic expansion of I0 (x),
it can be shown that the velocity profiles approaches the parabolic distribution;

Limj (h ,t ) =
b ®0

K( Ha 2 + 1)
2

4(l Ha + 1)

2
(1 - h 2 )ea t

(24)
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Figure 1. The λβ - relation H= 2, 3, 5, 7, 9, (Bottom to top)

For the case of large | β | the velocity distribution is given as;
Lim j (h=
,t )

b ®¥

K

a

2

[1 -

1

h

2
e - b (1-h ) ]ea t

(25)

This solution is completely different from the parabolic distribution and it depends on η on‐
ly in the neighborhood of the wall. Therefore, such a fluid exhibits boundary effects.
The rising-APG velocity field ϕ(η, τ) is plotted in Figs. (2a) and (2b) as a function of η at
different values of β for α = 2 and α = 5.
3.2. Pressure gradient decreasing exponentially with time
The solution at present is obtained from the previous case by changing α 2 by − α −2 . There‐
fore,
2
j (b h )
K
- 2 [1 - 0 1 ]e -a t .
j (h ,t ) =
j
(
)
b
a
0 1

where

(26)
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(b)

(a)

(c)

(d)

Figure 2. Rising – (a,b) APG velocity filed ;β = 5.2, 3.5, 2.5, 2.1 (Bottom to top) Fig. (c) : Decreasing – APG velocity
filed ;β = 8.7, 3.9, 2.6, 2.1 ( Top to Bottom) Fig. (d) : Decreasing – APG velocity filed ;β = 16.4, 9.2, 6.5, 5.3 ( Top to
Bottom)

b 12 =

a 2 (1 - Ha 2 )
1 - l Ha 2

(27)

The discussion of this solution is similar to the case of increasing APG except that the veloci‐

ty decays exponentially with time and the value α 2 = 1 / λH is not permissible as it leads to
infinite β12 ; i.e.
lim

a12 ® 1 l H

b12 ® ¥

(28)

The two cases of small and large | β1 | produce similar results as the previous solution. Thus
K
Lim f (h ,t ) =
- 2 b12 (1 - h 2 )e -a t ,
®
0
a
4
b1
and

(29)
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p
cos( b1h - )
K
1
4 ]e -a 2t .
- 2 [1 Lim j (h ,t ) =
b1 ®¥
a
h cos( b - p )
1
4

(30)

4. Pulsating pressure gradient
The present case requires the solution of Eq. (14) subject to BCs. (15) in the form
L ¶p
Y(t ) =
=
K e int ;
DP ¶z

i =-1 ,

(31)

K and n are constants. Assuming the velocity function has the form

j (h ,t ) = re é f (h )e int ù ,
ë
û

\ f ¢¢ +

1
(1 + inH )
(1 + inH )
f ¢ - in
f = -K
.
h
(1 + inl H )
(1 + inl H )

(32)

(33)

The solution of this equation satisfying the BCs. (15) is :
f(h ) =

I ( bh )
k
[1 - 0
],
in
I0 ( b )

(1 + inH )
b2 =
in
.
(1 + inl H )

(34)

Hence, the velocity distribution is given by:
ìï k
I ( bh ) üï
f (h ,t ) = re í e int [1 - 0
]ý .
I 0 ( b ) ïþ
ïî in

(35)

Obviously; for small | β | ,

Lim f (h ) =
b ®0

and for large | β |

K æ b 2 (1 - h 2 ) ö
ç
÷÷ .
in çè
4
ø

(36)
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Lim

b ®¥

I 0 ( bh )
1 - b (1-h )
e
,
=
I0 ( b )
h

(37)

So that,
1 - b (1-h ) int ïü
ïì K
=
j (h ,t ) re í [1 e
e ]ý ,
h
ïî in
ïþ

(38)

where,

b2 =

in(1 + inH )
1
=
[n2H (l - 1} + in(1 + n2l H 2)],
2
(1 + inl H ) 1 + n l 2 H 2

(39)

Â e iq 2 ,

(40)

or simply,

b=

Â=

n
2

2

2

1+ n l H

2

2

2 2
n H (1 - l ) + (1+ n2l H 2) ,

é 1+ 2λH ù
θ 1
=- Tan -1 ê n
ú.
2 2
λ)
ëê nH(1- ûú

(41)

(42)

Substituting from Eqs.(40,41,42) into Eq. (37), we get:

j (h ,t )
Lim=

b ®¥

k ïì
q üï
1 -(1 - h ) Â cos(q 2)
e
sin[nt - (1 - h Â sin )]ý .
ísin nt n ïî
2 ïþ
h

As λ → 0, [6], ℜ → r1 = n 1 + n 2 H and
2

(43)

θ1
θ
1
1
= − 2 Tan −1(
→
).
2
2
nH

Then

=
j (h ,t )

q üï
1 -(1 - h ) r1 (cosq1 2)
k ìï
e
sin[nt - (1 - h ) r1 (sin 1 )]ý
ísin nt n îï
2 þï
h

(44)

The velocity field φ(η,τ) is plotted in Figs. (3a) and (3b); respectively, against η for different
values of β. The two limiting cases for small and large |β| are represented in three-dimen‐
sional Figs. (4a) and (4b) in order to emphasize the oscillating properties of the solution.
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Figure 3. a) : Pulsating – APG ; n=2, H=5, β = 3.7 , 2.5 , 1.8 , 1.5 (b) : Pulsating – APG ; n=5, H=5,
β = 6.8 , 4.1 , 2.9 , 2.4 [Top to Bottom for all]

Figure 4. a): Pulsating-APG, n = 2, H = 5, at small | β | ; β = 3.7 (b): Pulsating-APG, n = 3, H = 5, at large | β | ; β = 6.8

5. Constant pressure gradient
Here we consider the flow to be initially at rest and then set in motion by a constant ABG “K”. Hence, Ψ(τ) ; Eq.(14), subject to BCs. (15) reduces to
L ¶P
= - K.
DP ¶z
Therefore, we need to solve the equation

(45)
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H

¶ 2F
¶t 2

+

¶F
¶ 1 ¶F ¶ 2F
- [1 + l H ][
+
]=
K,
¶t
¶t h ¶h ¶h 2

(46)

subject to the boundary and initial conditions
ϕ(1,τ) = 0, for τ ≥ 0 ,

f (h=
,0) 0,for 0 £ h £ 1

(47)

Equation (46) can be transformed to a homogenous equation by the assumption

F(h ,t ) =

K
(1 - h 2 ) - y (h ,t ),
4

(48)

where Ψ(η,τ) represents the deviation from the steady state solution. Hence,

[

¶
¶
¶
¶2
1 ¶
(1 + H ) - (1 + l H ) ( 2 +
)]y =
0,
h ¶h
¶t
¶t
¶t ¶h

(49)

subject to the boundary and initial conditions
Y(1,t ) = 0 fort ³ 0.

y (h ,0)=

K
(1 - h 2 ) for 0 £ h £ 1.
4

(50)

(51)

Assuming that ψ(η, τ) = F (η) ⋅ G(τ), Eq.(49) separates to
HG¢¢ + (1 + l Ha 2 )G¢ + a 2G =
0,

(52)

F¢¢ + h -1 (1 + l Ha 2 )F¢ + a 2 F =
0.

(53)

Equation (52) has the solution,
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gt
g t
G(t ) = Ae 1 + Be 2

(54)

where γ1 and γ2 are the roots of the Eq.( 52). On the other hand, Eq. (53 ) has the solution
F(h ) = J0 (a mh ).

(55)

Therefore,

g 1,2 =

-(1 + l Ha m2 ) ± (1 + l Ha m2 )2 - 4a m2 H
2H

.

(56)

The BCs. (50,51) implies that the constant αm takes all zeros of the Bessel-function J0 (α1, α2,
………). Hence,
¥

Y(h ,t ) =
å J0 (a mh )G(t ),
m =1

¥

\Y(h ,t ) = å J0 (a mh )( Am eg 1mt + Bm eg 2 mt ).
m =1

(57)

(58)

Τhe initial condition (50) and BCs. (51) will not be sufficient to evaluate the constants Am and
Bm. Hence, it is required to employ another condition. We assume that G(τ) is smooth about
the value τ = 0 and can be expanded in a power series about τ = 0. Assuming G(τ) to be line‐
ar function of τ in the domain about τ = 0, then G ″ = 0 in Eq. (52). Hence
`
(1 + l Ha m2 )Gm
(0) + a m2 Gm (0) = 0,

(59)

Gm (t ) = Am eg 1mt + Bm eg 2 mt ,

(60)

Am [(1 + l Ha m2 )g 1m + a m2 ] + Bm [(1 + l Ha m2 )g 2 m + a m2 ] = 0.

(61)

From which we obtain
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To determine the constants Am and Bm we firstly satisfy the remaining condition (51). Owing
to Eq. (58) and the initial condition, Eq. (51), we notice that,
¥
K
Y(h ,0) = å ( Am + Bm ) J0 (a mh ) = (1 - h 2 ).
4
m =1

(62)

Via the Fourier–Bessel series, Eq. (62) leads to,

A
=
m + Bm

K

1

òh (1 - h

2 J12 (a m ) 0

2

) J0 (a mh )dh .

(63)

Performing this integration we get

Am =
+ Bm

2K

a m3 J1 (a m )

-

K J0 (a m )

a m2 J12 (a m )

.

(64)

From Eqs. (61) and (64) we obtain :

Am =

[(1 + l Ha m2 )g 2 m + a m2 ] é 2 K
K J (a ) ù
- 2 02 m ú ,
ê 3
2
(1 + l Ha m )(g 2 m - g 1m ) êë a m J1 (a m ) a m J1 (a m ) úû

(65)

Bm =

[(1 + l Ha m2 )g 1m + a m2 ] é 2 K
K J (a ) ù
- 2 02 m ú .
ê 3
2
(1 + l Ha m )(g 1m - g 2 m ) êë a m J1 (a m ) a m J1 (a m ) úû

(66)

Finally, the velocity field has the series representation
ϕ(η, τ) =

∞
J 0(αmη)
K
{ (1 + λH αm2)γ2m + αm2 e γ1mτ
(1 − η 2) − ∑
2
4
(1
+
λH
α
)(γ
−
γ
)
m=1
m
2m
1m

}a

-[(1 + l Ha m2 )g 1m + a m2 ]eg 2 mt [

2K
3
m J1 (a m )

-

K J0 (a m )

a m2 J12 (a m )

].

The constant-APG velocity field φ(η,τ) as a function of η shown in Fig. (5).

(67)
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Figure 5. The velocity distribution for constant – APG taking H=0.2, τ=0.1 where the summation is taken for α1=2.4,
α2=5.8, α3=8.4

6. Results and discussion
The behavior of |β| as a function of λ where H is taken as a parameter is shown in Fig. (1).
The behavior of β is inversely proportional to λ while it is fast-decreasing for higher H-val‐
ues. For any β-value, the Oldroyd-B fluid exhibits the same form as the UCM-fluid. A close
inspection of β2 = α2(1+α2H)/(1+λα2H) shows that UCM-fluid is obtained by limβ = β
2

2

λ→0

while limβ = α 2 leads to the case of Newtonian fluid. For small values of |β| as well as |
2

λ→0

βη| and by using the asymptotic expansion of I0(x), it can be shown that the velocity profiles
approaches the parabolic distribution.
For decay-APGs, Figs. (2a) and (2b) show that the velocity profiles of Oldroyd-B and UCM
fluids are parabolic for small values of |βη| while for large |βη| they are completely differ‐
ent from this situation. The solutions depend on η only in the neighboring of the wall.
Therefore, such fluids exhibit boundary layer effects [17]].
For pulsating-APG, the velocity distribution is represented in Figs. ( 3a ) and ( 3b). The
smallest value of β in both curves is almost parabolic as shown by Eq. (36) while the largest
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value exhibits boundary effect as reviled by Eq.( 43 ). To emphasize the oscillating nature of
the solution a three-dimensional diagrams (4a) and (4b) for the smallest and largest values
of |β| are respectively sketched.
Grigioni, et al [1], studided the behavior of blood as a viscoelastic fluid using the Oldroyd-B
model. The results obtained for the velocity distribution stands in agreement with the ob‐
tained results in the present work.
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