
Introduction

The rheological behaviour of high solid dispersions and
slurries is extremely complex [1–16]. Microscopically,
the slurry can be regarded as a colloid, but a very
simple question soon arises for these kinds of colloidal
systems: Is this colloid formed from solid particles or
flocs of solid particles dispersed in a liquid (discontin-
uous system), or is it rather a bicontinuous system, in
which strings of particles and very thin liquid films
interpenetrate? Eventually there also are gaseous inclu-
sions in the jelly matrix of these systems and the
macroscopic properties of the slurry are influenced by

the characteristics of each phase as well as by their
interactions. To characterise the flow behaviour of the
slurries, shear experiments were run on an shear device
especially designed in order to investigate the normal
stress-dependent flow behaviour of pastes and highly
concentrated suspensions [17–19]. With this equipment
it was found that for sufficient shear deformation and
below a critical degree of moisture, oxide ceramic
pastes undergo shear-dependent hardening (rheopexy),
i.e., an increase in the shear stress with the shear
deformation at constant normal stress. In the rheology
of slurries and pastes, this phenomenon is called
peptisation.
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Abstract Oxide ceramic masses re-
act to simple shearing with harden-
ing (peptisation: increase in the shear
stress with the shear deformation).
In the present study the correlation
between the increase in the shear
stress and the porosity, agglomera-
tion processes and the type of flow
are analysed. For this purpose oxide
ceramic masses are tested in a shear
device especially developed for
pastes and analysed by rheometric
experiments, NMR methods and
particle size analysis. The results
support the hypothesis that struc-
tural changes (hardening, increase in
the mean porosity) of the material
during the peptisation mainly de-
pend on the magnitude and not on
the kind of the energy input and thus
of the type of flow. The fraction of
bound (more generally, the immo-
bilised) water increases with the

shear displacement. Also crushing of
primary particles could be observed.
Both the crushing of solid particles
causing an increased solid surface
and the formation of a three-di-
mensional gel structure are micro-
scopic effects capable of resulting in
the binding or retaining water. On a
macroscopic scale these phenomena
cause hardening. Magnetic reso-
nance imaging visualises flow-in-
duced agglomerates, which form
owing to the shear flow and increase
the porosity averaged over the whole
sample. After the shear experiment
rolls of paste can be seen which
indicate that the general assumption
of a plane shear flow in the shear
device is not warrantable.
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Besides the hardening, a noticeable increase in the
porosity can be found. In this article the correlation of
peptisation, agglomeration and the kind of energy input
into the material, i.e., the flow type, is studied. After the
shear experiment, which was used for both rheological
characterisation and material preparation, samples were
taken and examined with NMR techniques and particle
size analysis. With NMR it is possible [18] both to locate
patterns of moisture which can be interpreted as
agglomerates within the sheared paste (magnetic reso-
nance imaging, MRI) and to determine both the fraction
of a phase of water (e.g., free or immobile water) of the
local total moisture and the type of bond of the 1H
protons in this phase (NMR spectroscopy).

Experimental

Materials

The experiments were performed with Pural SB (Condea, Bruns-
büttel, Germany). The solid material is used in large amounts for
the preparation of catalysts and catalyst carriers. Pural SB was
chosen because there is already a considerable amount of data
available concerning the extrusion, the crack and the flow
behaviour in shear flows. It was supplied as a spray-dried
aluminium oxide/hydroxide (boehmite alumina) with a specific

surface of 285 m2g)1 (laser-diffraction-based Helos particle
analyser, Sympatec, Clausthal-Zellerfeld). The porous agglomer-
ates have a d50 of 46 lm (mercury porosimetry). Aluminium oxide/
hydroxide slurries were prepared by mixing weighed amounts of
Pural SB with distilled water by means of a common household
stirrer (Philips HR1453). As both components were weighed
individually and then subsequently mixed, the moisture content
in the slurry is most conveniently defined as

F ¼ mliquid

msolid þ mliquid
; ð1Þ

where mliquid is the mass of water and msolid is the mass of dried
aluminium oxide/hydroxide.

Measurement of the flow properties

The shear device developed and designed by Felder [17] (Fig. 1)
consists of two parallel plates that can be concentrically twisted
against each other. The lower plate of the device is formed like a
pot (inner diameter: 160 mm, height: 38 mm). The lid and the
bottom of the pot are profiled with pyramids (height: 2 mm, angle:
90 ) in order to avoid wall slip and enforce an inner shearing of the
test material. The slit between the rotating pot and the immovable
lid can be sealed by an adjustable O-ring that ensures a hermetically
sealed volume. This is necessary, because otherwise fluid constit-
uents of the specimen would be pressed out of the shear cell during
the shear experiment. This is a great problem when applying
conventional rheometric methods, for example, plate–plate, plate–
cone or capillary rheometry, because even the mean moisture
generally changes during the shear experiment owing to a possible
loss of fluid. As the flow behaviour of pastes usually depends on the
moisture, the flow of fluid out of the measuring volume and thus
conventional rheometric techniques are not acceptable.

The upper plate is divided into three concentric parts. The
normal force and the torque on the ring in the middle (inner
diameter: 108 mm, outer diameter: 131 mm) can be measured and

converted into normal stress and shear stress. With this construc-
tion of the measuring device, the forces needed to seal the lid and
the pot do not have any effect on the measurement of normal and
shear stress.

Three types of experiments were performed. In case a, simple
shearing was maintained with a constant shearing direction,
whereas in case b shearing with changing direction (‘‘oscillating’’)
was performed. The shear displacement in case a was 60 m. In
case b, the sum of the magnitude of the shear displacements was
also 60 m. The direction of the rotating velocity of the measuring
ring changed after 25 s with a break of 1 s. For case c, the paste
was kneaded in a torque rheometer (Plasti-Corder P1151) before
the measurements with simple shearing and constant shearing
directions were performed.

Calculation of the energy input

The average distance between the ring and the bottom of the pot,
which is not fixed like the normal stress during an experiment
(Fig. 1), is about 10 mm and the rotation velocity of the ring was
set to 25 mms)1; therefore, the quotient of the ring velocity and the
average slit width, i.e., the mean shear rate, was about 2.5 s)1 for
all the experiments. Thus, the energy input into the material at
simple shearing can be calculated by

E ¼
Z

sðtÞvðtÞAdt or E ¼
Z

sðsÞAds : ð2Þ

In Eq. (2) s(t) or s(s) is the shear stress, v(t) is the velocity of the
rotating measuring ring and A is the area of the measuring ring.
The energy input into the probe when kneaded can be derived from
the torque, M, and the angular velocity, x, of the kneading device:

E ¼
Z

MðtÞ xðtÞ dt : ð3Þ

From Eqs. (2) and (3) the volume-specific energy, w, related to
the volume, V, of the specimen can be calculated by

w ¼ E
V

: ð4Þ

NMR measurements of the slurries

NMR [20–23] stems from the fact that the nuclei of specific isotopes
(e.g., of the hydrogen isotope 1H) possess a magnetic moment
(spin) and precess under a specific angle with respect to an external
magnetic field:

B0 ¼ B0ð0; 0; 1Þ : ð5Þ

Fig. 1 Schematic of the shear cell
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In the case of spin 1/2 nuclei their components along the field
axis (B0) are either parallel or antiparallel to B0. As the parallel
orientation is (for 1H) energetically preferable, this orientation is
assumed by a larger number of nuclear spins. Irridiation at the
Larmor frequency, x, of which the energy difference DE¼ hx is
equivalent to the difference between the two energy levels, changes
the orientation of the surplus spins in the lower energy level. The
absorbed energy can be measured. The Larmor frequency can be
expressed as

x ¼ cB0; ð6Þ
where c is the gyromagnetic ratio, which is specific for the nucleus
used. The resonance frequency of 1H is 42.55 MHz for B0¼ 1 T.
The fundamentals of NMR will not be considered further here, but
only the results provided by the technique.

After the shear experiments, samples were taken out of the shear
device and analysed with 1D NMR spectra [24]. The NMR
experiments described here were performed in a SWB200 magnet
(Bruker Analytik, Rheinstetten, Germany). The static magnetic
field, B0, is 4.7 T, which corresponds to a proton frequency of
200.13 MHz. The radial and axial extensions of the measuring
volume with a homogeneous magnetic field are 40 mm.

The NMR spectrum is the frequency distribution, g(x), of nuclei
with a resonance frequency x. Fitting the NMR spectrum of a
material with a sum of Gaussian functions provides the fraction of
the water phase of the total degree of moisture as the integral of the
respective Gaussian function and the bonding type of the water
phase that can be characterised by the half-width of the corre-
sponding Gaussian function [24, 25]. This NMR technique
yields not only the nucleus concentration (1H), and thus the
moisture, but also information concerning the bonding type of the
fluid to the solid and the distribution of the total moisture between
the phases (MRI). As such, it is possible to distinguish between free
and immobilised (‘‘bound’’) water (e.g., crystallisation water, pore
water) and free water [25, 26]. Several measuring strategies have
been developed for the effective determination of the spatial
distribution of the hydrogen (generally of the nuclei used) density.
A detailed description of MRI sequences with regard to their
capabilities and limitations is given in Refs. [23, 27]. In every MRI
experiment the sample was divided into a grid (matrix) of three-
dimensional voxels. The size of each voxel is given by the chosen
so-called field of flow, which means the dimensions of the
measuring volume in the magnet and the matrix size (number of
voxels according to the relevant spatial dimensions). The resolution
of the images is 30 lm with a matrix size of 256 · 256. The NMR
test glass has an outer diameter of 5 mm and an inner diameter of
4 mm. The (global or local) fluid volume concentration (fluid
fraction), cF, that can be determined with MRI is

cF ¼ Vliquid
V

; ð7Þ

where V is the volume of a voxel and Vliquid is the fluid volume in
the complete sample (global) or in the same voxel (local),
respectively.

Results

Pural pastes with different degrees of moisture were used
for the shear experiments. The rotating velocity of the
ring in all cases was 25 mms)1. Three different types of
flows – and thus of loadings – were chosen. In case a,
simple shearing was maintained with a constant shearing
direction, whereas in case b shearing with changing
direction (oscillating loading) was performed. The shear
displacement in case a was 60 m. In case b, the sum of

the magnitude of the shear displacements was also 60 m.
The direction of the rotating velocity of the measuring
ring changed after 25 s with a break of 1 s. For case c
the paste was kneaded in a torque rheometer (Plasti-
Corder P1151) before the measurements with simple
shearing and constant shearing direction were per-
formed. A typical temporal development of the torque
in the kneader is shown in Fig. 2.

After an initial phase of thixotropy the material
hardens continuously. The finally kneaded probe was
then examined in the experimental shear device, at
simple shearing and constant normal stress. The results
of the measurements are presented in Figs. 3 and 4. For
the slurries with an average degree of moisture F¼ 66 %
(Fig. 3a) and F¼ 72% (Fig. 3b) the curves of the shear
stress, s(s), versus shear displacement, s, are independent
of the type of energy input. The results for simple
shearing (case a) and oscillating shear (case b) for the
normal stress, r¼ 60 kPa, and the constant degree of
moisture are similar in magnitude.

From Fig. 4 it can be seen that the results for simple
shearing (case a) and oscillating shear (case b) at differ-
ent normal stress and F¼ 70% are also in good
agreement, which means that the change of the shear
direction does not influence the temporal evolution of
the shear stress.

In Fig. 5 the shear stress s – as a function of the shear
displacement s¼ f(s) – is compared for experiments of
case a (simple shearing of the paste) and for experiments
of case c, i.e., the paste is kneaded in a torque rheometer
before the shearing. There are no significant differences
in the temporal development. The s(s) curves of the
experiments for case c are displaced, compared to
case a, by that displacement at which the same energy
in the simple shearing (case a) was input into the
material as by the kneading process.

Fig. 2 Torque, M, in a kneader for a Pural paste, F¼ 43%
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After the shear experiments, the samples were taken
out of the shear device and analysed with NMR and
MRI. With NMR it is possible to distinguish between
free and immobilised water (e.g., crystallisation water,
pore water) and free water. A typical result of these
experiments can be seen in Fig. 6 for a Pural slurry with

an average degree of moisture F¼ 50%. In order to
derive the ratio of the immobilised fraction of water to
the free water the spectra were fitted with a sum of two
Gaussian functions. The half-width of the single Gauss-
ian functions is the measure to distinguish water with
regard to its mobility and hence its bonding type to the
solid. The smaller the half-width, the bigger the mobility
and the weaker the bonding type of the water to the
solid. According to the theory described in Abragam [24]
and the more detailed theory of, for example, Zimmer-

Fig. 3 Simple and oscillating shear experiment at r¼ 60 kPa.
Parameter: F

Fig. 4 Simple and oscillating shear experiment, F¼ 41%. Parameter: r

Fig. 5 Simple shearing of kneaded and unkneaded samples. The shear
curves of the kneaded samples are displaced for that shear
deformation, when the same work in the simple shear flow is done
as during the kneading. F¼ 41%. Parameter: r

Fig. 6 NMR spectrum of Pural, F¼ 33%. Lower spectrum: Un-
sheared. Upper spectrum: Sheared in a simple shear flow with
r¼ 100 kPa
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man and Brittin [26] and Hills et al. [25] the phase with
the greater half-width stands for the immobile water
phase and the smaller half-width corresponds to free
water. An exception is the water of crystallisation, the
spectrum of which does not a have Gaussian form [24].

A comparison of the NMR spectra (F¼ 50%) of a
sheared probe (r¼ 100 kPa, s¼ 60 m) with an original
unsheared probe shows that the integral of the wide
distribution (i.e., the immobilised water) increases with
an increase oin the shear deformation, i.e., with the
progression of the hardening. This means that the
fraction of immobilised water increases with increasing
energy input. From Fig. 6 it can be seen that the
immobilised water in Pural pastes is not water of crystal-
lisation. The water molecules for water of crystallisation
have well-defined places in the lattice, whereas the
protons of water immobilised in a different way still have
a certain mobility on the surface of the solid particles.

Several explanations for an increase in the fraction of
immobilised water are imaginable:

1. Crushing of agglomerates of the solid primary
particles and, hence, increasing of the specific surface
(related to the solid mass).

2. Formation of a three-dimensional structure that is
able to immobilise water.

3. Drainage of water in the interior of the solid particles,
possibly in combination with adsorption at the
particle surface.

As already mentioned Pural is a spray-dried alumin-
ium oxide/hydroxide with a comparably high specific
surface of 285 m2g)1. Owing to this very high specific
surface Pural is capable of binding water in considerable
amounts. As a result of the energy input an increased
ratio of the solid surface might become available for
immobilising water as a result of a mechanical effect.

To elucidate the different hypotheses the mean
particle size, d50, was determined as a function of the
shear displacement, s, in the simple shearing experiment
(case a). After the shear experiments, samples of the
pastes were dispersed in water with the help of an
ultrasonic bath (5 min) in order to destroy agglomerates
formed during the shear experiment. The dispersion thus
prepared was tested in a laser-diffraction-based particle
analyser (Helos, Sympatec, Clausthal-Zellerfeld). The
result of the experiment is shown in Fig. 7. A noticeable
reduction in d50 for the primary particles can be
observed (about a factor 4 compared to the original
size) which indeed suggests explanation 1 to be opera-
tive. On the other hand, the surfaces of the boehmite
particles in the Pural could be hydrolysed to aluminium
hydroxide gel [28]. The optimal dispersing of the paste in
the shear tester or kneader – achieved by sufficient
energy input by shearing or kneading – might be the
prerequisite or the acceleration for the gelation process,
i.e., the peptisation. Thus, the crushing of agglomerates

of primary particles, cf. explanation 1, could addition-
ally intensify the peptisation. Explanation 3, the drain-
age of water into the interior of the alumina particles,
might additionally happen in the case of Pural.

Lightweight concrete is a material system where the
drainage of fluid into the solid particles plays an
important role. Usually lightweight concrete tends to
choke a pipe when being pumped [29]. The reason for
this phenomenon is that water plus cement partly drains
into the porous particles (e.g., burned clay pellets) used
as substitutes for gravel. Commercially available burned
clay pellets have a porosity up to 50 vol% and,
therefore, have a big capacity to retain fluid. The
drainage of fluid into solid particles causes, like the
phenomena described in explanations 1and 2, time-
dependent flow behaviour.

The fraction of immobilised water, /im, derived by
fitting the NMR spectra of Pural pastes with the sum of
two Gaussian functions is plotted as a function of the
shear displacement, s, the energy input, E, and the shear
stress, s, in Fig. 8a, b and c, respectively. Apparently,
more and more water is bound to or immobilised by the
solid matrix and /im increases with increasing values of s
and E. For s > 90 kPa, /im increases continuously with
s. For large shear deformations, s (Figs. 3, 4, 5) as well
as /im (Fig. 8a) seem to approach a limit, probably
given by the solid matter available. From a macroscopic
point of view this process can be described as hardening.

Besides this hardening process, in many shear exper-
iments a noticeable increase of the distance between the
lid (measuring ring) and the base of the pot of the shear
cell was observed. Thus, with the knowledge of the
volumes of the solid and fluid constituents the porosity,
e, of the total system is derived from the distance
between the two shearing plates (Fig. 9).

In order to characterise shear-induced structural
changes, probes were taken before and after the experi-
ment for analysis with MRI (Fig. 10). The resolution of

Fig. 7 d50 of a Pural paste as function of the shear deformation, s.
The paste was dispersed in an ultrasonic bath (5 min). F¼ 33%,
r¼ 100 kPa
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the images is 40 lm with a matrix size of 128 · 128. The
local intensity of the MRI images shown here is
proportional to the local volume concentration of 1H
nuclei, i.e., proportional to the local fluid concentration,
cF. Bright areas indicate no fluid and the darker the
intensity, the higher the fluid concentration. A Pural
paste (F¼ 50%) that has not been sheared is shown in
Fig. 10a. cF is – at a spatial resolution of 40 lm – almost
homogeneous in the material. After the shear experiment
(s¼ 60 m, r¼ 100 kPa) the paste has a completely
different structure (Fig. 10b). A moisture pattern can
clearly be seen. That means that not only the fraction of
immobilised water increases during the peptisation
(Figs. 6, 8), but also that the water concentrates in

structures – most likely agglomerates – of approximately
1 ml in size (Fig. 10b). Orientation processes of the
aggregates in shear flow cannot be observed in the
samples studied.

The composition of the crumbly structure (Fig. 10b)
also seems to be responsible for the increase of the mean
porosity during the peptisation (Fig. 9). There is another
effect that obviously contributes to the increase of the
mean porosity during the shear experiment. In some
experiments the paste rolls in single isolated cylinders
positioned like a star in the shear cell (Fig. 11) [18]. The
formation of this macroscopic structure causes a further
increase of the mean porosity. The introduction of air
into the sample, the formation of hollow spaces or an
eventual tearing apart of the sample (as, for example,
observed in shear experiments on fat or ointments [3])

Fig. 9 Porosity, e, of a Pural paste as a function of the shear
deformation, s. F¼ 33%. Loadings: Simple shearing, shearing with
oscillating shear direction

Fig. 10 Local fluid volume concentration, cF, of a an unsheared and
b a sheared Pural paste (F¼ 33%, s¼ 60 m, r¼ 100 kPa). The inner
diameter of the sample tube is 4 mm. The local intensity of the
magnetic resonance imaging images is proportional to the local
volume concentration of 1H nuclei, i.e., is proportional to cF. The
bright areas indicate no fluid and the darker the intensity, the higher
the fluid concentration

Fig. 8a–c Simple shear flow of a Pural paste: r¼ 100 kPa, F¼ 33%.
Immobilised phase, /im, as function of a the shear displacement, s,
b the energy input, E, and c the corresponding yield stress, s
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causes, furthermore, an increase in porosity (i.e., the
increase in distance between the plates). As a further
consequence these effects reveal that the paste has not
flowed in a simple shear flow, as assumed. The flow
pattern is more complex than a simple shear flow.

Discussion

We have presented the results of experiments performed
on Pural pastes under different conditions. The loading,
i.e., the type of flow, and the manner of preparation was
varied from simple shearing and mixing by hand or
shearing with changing directions and mixing by hand to
simple shearing and kneading of the probes before the
shear experiments. The good agreement of s(s) of the
three experiment types suggests that the constitutive law
of a Bingham fluid [30] can be applied for general types
of flow, not only for simple shear flow. This means that
the materials could be modelled as Bingham fluids, i.e.,

s ¼ s0 þ gBj : ð8Þ
In this equation s0 is the yield stress, gB is the Bingham
viscosity and j is the shear rate. If the viscous stress can
be neglected in comparison with the yield stress, the
evolution of the shear stress, s(s), as a function of the
displacement, s, shows the dependency of s0 of the shear
deformation, s, the normal stress, r, and the moisture, F.
s0, however, can no longer be considered as a material
constant. It is a function of the local history of
deformation, r and the local degree of moisture, cF.
For rigid/plastic materials [31] the work-hardening
hypothesis was suggested earlier by Schmidt [32].

Viscoplastic materials play also an important role in
food technology. Schluentz et al. [33] and Campo et al.
[34] investigated the rheology and the microstructure of
several food products with strain-history-dependent flow
behaviour developed with controlled deformation. The
results were compared with dynamic rheological prop-

erties to evaluate the influence of strain deformation on
the formation of microstructure. The results were
significantly different between shear-strained and exten-
sionally strained samples.

Pural pastes, however, show comparable flow and
hardening behaviour in the three flow types tested. The
three cases, although assumed previously as simple shear
flows, turned out – owing to the rolls (Fig. 11) – to be
more complex than simple shear flow, especially case b.
That means that there are extensional flow components.
According to the rheological experiments described
earlier, the following equation for the yield stress could
be chosen:

s0 ¼ s0ðw; r; cFÞ : ð9Þ
The shear stress s0(s,r,cF) determined with the

experimental device can be converted into s0(w, r, cF)
according to Eqs. (2) and (4), where the displacement, s,
is replaced by the corresponding volume-specific energy
input, w. This is only one possibility to model the flow
behaviour of materials with a yield stress depending on
the material’s history of deformation.

The increase of the fraction of the immobilised liquid
phase (/im) implicates a reduced rheologically effective
moisture and, therefore, an increased pressure onto the
solid matrix. According to the model of Raschka [35] the
higher solid pressure causes an increase in the shear
stress owing to Coulomb friction for the solid phase.
Shear experiments performed by Felder [17] with watery
pastes of limestone and Pural show that the shear stress
mainly depends on the shear displacement and not on the
speed of the measuring ring (tested for 0.05–30 mms–1).
Moreover, Felder [17] found that above a critical degree
of moisture, peptisation of Pural pastes could not be
observed, at least for the shear displacements considered
in this study. For a given amount of solid there is only a
limited surface to bind water, in spite of agglomeration
and the increase in the number of fine particles by
crushing the agglomerates. Water retained in the interior
of the agglomerates must be considered as bound water
from a rheological point of view. Above the critical
degree of moisture there is probably too much free water
left in the paste, so hardening cannot set in even though
water is bound owing to the energy input.

When the Pural was kneaded before the shear
experiments, the kneaded probes showed identical shear
stress at smaller shear displacements. These results
suggest that the structural changes primarily depend
on the energy input into the sample, but not on the kind
of energy input. That would imply that the hardening of
Pural is not only induced by viscometric flow, but could
also be caused by other types of flow. Flow-induced
modifications make it hard (in comparison with
so-called simple fluids) to realise a homogeneous con-
sistency of the paste at the beginning of the experiment
and, thus defined initial conditions, and to realise and

Fig. 11 Photograph of a sheared Pural paste: s¼ 60 m, r¼ 100 kPa,
F¼ 33%
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guarantee defined states of flow, stress and consistency
(e.g.. degree of moisture, composition of the mixture) for
the complete experiment. The evolution of the rolls
(Fig. 11) indicates that there is not necessarily a plane
shear flow in the shearing device as usually assumed for
the analyses of rheometric measurements. Therefore, it
is advisable to perform experiments with on-line regis-
tration of the structure and the flow pattern within the
flowing paste to ensure the assumed experimental
conditions [18, 19, 36–38]. The clear dependency of flow
behaviour and deformation history is probably the
reason for many cases of poor reproducibility of
rheological experiments with pastes [17, 35].

In order to exclude that the observed rolls are not
related to the onset of Taylor vortices, the Taylor
criterion established for Newtonian fluids was checked.
If Eq. (10) for the relevant critical number holds Taylor
vortices do not appear:

qxr0:5e1:5=g < 41:3 ; ð10Þ
where q is the mass density, x is the angular velocity, r is
a characteristic length, e is the thickness of the sheared
layer and g is the apparent viscosity. Owing to the high
apparent viscosity (about 104–105 Pas) Eq. (10) is ful-
filled and the observed vortices are, therefore, not caused
by inertia effects.

The preparation treatment (before the shear exper-
iments) might be responsible for the high standard
deviations. Different temporal developments of the
shear stress, especially at small shear displacements
(s < 1 m) together with small energy inputs, are,
therefore, probably caused by the originally (at
s¼ 0 m) heterogeneous consistency of the paste. After
sufficient deformation all the pastes should reach a
homogeneous state [39, 40]. If the behaviour of the
probe is modelled as a Bingham fluid, the dependency
of the yield stress upon the volume -specific work, the
normal stress and the average degree of moisture can
be determined with the shear device of Felder [17]. This
information can be used for rheological characterisa-
tion and for the design of apparatus and processes to
handle these material systems. In order to achieve
reliable process conditions (extrusion, pumping, etc.) it
should be guaranteed that further energy input due to
flow processes will not alter the consistency of the
material and that all time-dependent effects are fin-
ished. Otherwise the prediction of the processes is
problematic.

In future studies it should be tested whether the
flow-induced aggregation processes can be described
with theories of orthokinetic coagulation [28]. Ortho-
kinetic coagulation means that the coagulation process
rate is proportional to the collision frequency and this
is again proportional to the shear rate. The coagula-
tion process is accelerated by gentle stirring, which
increases the collision frequency. At high shear rates

larger moving units may form. At high rates of shear,
the larger flocs become deformed and elongated
(probably this is the formation of rolls). The larger
moving units tend to sweep up other small particles in
their path and hence, at moderate shear rates, if
applied for sufficient time periods produce a steady-
state aggregate size distribution. The existing data, two
shear displacements in Fig. 10, are not sufficient to
test the theories.

Conclusion

The results support the hypothesis that the structural
changes (hardening, increase of the mean porosity)
within the material during the peptisation mainly
depend on the amount and not on the manner of the
energy input. With the help of NMR spectra it was
possible to differentiate two water phases. The fraction
of the immobilised water increases with the shear
displacement. Furthermore, crushing of aggregates of
primary particles could be observed with particle size
analysis. Both the crushing of solid particles and,
hence, the increasing specific surface related to the
solid mass and the formation of a three-dimensional
structure, for example, a gel phase, are imaginable
microscopic effects to bind water. On the macroscopic
scale these processes cause hardening by peptisation
and the high energy input due to the shear flow
guarantees optimal dispersing and crushing, which
could additionally intensify the peptisation. With
MRI, flow-induced agglomerates that form during the
shear experiment were detected. These and the forma-
tion of isolated rolls of material in the shear cell are
responsible for the increase in the porosity. The
structural changes (peptisation, agglomeration, increase
in the fraction of fine particles, inhomogeneous consis-
tency of the paste) make it difficult, when modelling
the behaviour of a flowing paste, to determine
experimentally the corresponding material constants
or functions.

Usually shearing, especially with high normal stress-
es, guarantees intensive dispersion of the samples treated
and leads to a homogeneous structure. It was, therefore,
surprising that a process like the shear experiments
described could turn a homogeneous unsheared sample
(Fig. 10a) owing to the previously mentioned micro-
scopic effects into a sample with large agglomerate as
shown in Fig. 10b, provided sufficient energy input.

Generally a lot of assumptions and corrections for
evaluation of rheometric measurements are made in
order to obtain the real flow function of a material. It is
problematic that the basic presuppositions can hardly be
checked without the knowledge of the flow pattern in the
rheometric device. That is why rheology combined with
MRI offers such great possibilities.

396



The flow pattern realised in the shear device
developed by Felder [17] might primarily appear to
be a poorly controlled shearing deformation. This
impression can be qualified or even invalidated with the
results. Firstly, the analysis of Couette [37] and
capillary [36] experiments has shown that they are
not suitable for all pastes or concentrated suspensions
because of demixing/internal flow, tearing apart and
the flow patterns deviate from the assumed ones. That
means the appearance of the isolated rolls is principally
a problem of pastes and not of the shear device used.
Secondly, Felder’s shear device allows shear experi-
ments to be performed with controlled normal stress

and constant mean moisture of the sample, as the
measuring volume can be sealed by an adjustable O-
ring that ensures a hermetically sealed volume without
any disturbing effects on the measurements of the
normal and shear stress. These features are hard to
realise with other rheometric devices. Therefore, a
combination of Felder’s shear device with MRI would
be desirable.
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