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Abstract The flow behavior of cementitious-like
(limestone powder) suspension containing nano-
Fe;O4 particles at constant shear rate of 10 s,
characterized by the evolution of apparent viscosity
over time, is investigated under various magnetic
fields. Results show that the limestone powder
suspension at flow-state exhibits remarkable mag-
neto-rheological responses, reflected by a significant
increase in the apparent viscosity after applying an
external magnetic field. A higher field strength
corresponds to a more rapid and pronounced response.
The apparent viscosity experiences a sudden alteration
with the stepwise change of the magnetic field due to
the formation or disintegration of magnetic clusters.
Linearly increasing magnetic field strength at low
ranges (e.g. 0 T-0.3 T) shows less influences on the
evolution of apparent viscosity, while at relatively
high magnetic field, the apparent viscosity gradually
increases with the magnetic field strength and the

D. Jiao - K. Lesage - M. Y. Yardimci -

G. De Schutter (D<)

Magnel-Vandepitte Laboratory, Department of Structural
Engineering and Building Materials, Ghent University,
9052 Ghent, Belgium

e-mail: Geert.DeSchutter@UGent.be

D. Jiao - C. Shi (X))

Key Laboratory for Green and Advanced Civil
Engineering Materials and Application Technology of
Hunan Province, College of Civil Engineering, Hunan
University, Changsha 410082, China

e-mail: cshi@hnu.edu.cn

increase rate is comparable to that obtained under
constant high magnetic field of 0.75 T. When the
magnetic field is removed, the apparent viscosity
exhibits a sharp reduction. If the magnetic field
strength linearly decreases to zero, however, the
apparent viscosity continuously increases until reach-
ing a peak and then gradually decreases. This research
shows in different ways how a desired apparent
viscosity level of a cementitious-like suspension can
be reached by means of an external magnetic field.

Keywords Active rheology control (ARC) -
Apparent viscosity - Constant shearing test - Magnetic
field - Nano-Fe;0, particles

1 Introduction

Contradicting requirements of properties always exist
in different casting processes. For example, fresh
concrete should possess relatively low yield stress,
suitable plastic viscosity and excellent stability during
pumping process [1-3]. After the concrete casting into
the formwork, however, a higher yield stress is
beneficial to reducing the formwork pressure and
speeding up the casting process [4—6]. The contradict-
ing property requirements also exist in 3D concrete
printing concerning pumpability, extrudability and
buildability [7-9]. This kind of opposing requirements
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of properties poses a great challenge to the construc-
tion technique of concrete.

Active rtheology control is a ground-breaking
concept targeting at controlling the structural evolu-
tion and rheological properties to meet the property
requirements in different processes for the same
concrete mixture [10, 11]. Differing from traditional
control methods by adding mineral additives or
chemical admixtures [12-14], active rheology control
is achieved by artificially activating an external trigger
signal to cementitious materials with responsive
admixtures [15]. This means that active rheology
control is a post-mixing control method. A typical
trigger signal used in cementitious materials is mag-
netic field, where magnetizable particles or functional
admixtures can be used as the responsive additives,
named as magneto-rheology control [16-18]. In
addition to magnetic field, other signals can also be
used to control the rheological properties of cement-
based materials, as illustrated for an example in [19].
Active rheology control has a potential to become the
mainstream of future casting techniques of cementi-
tious materials [20].

With regard to magneto-rheology control, it is
evident that the structural build-up of fresh cementi-
tious paste with magnetic particles can be adjusted by
using an external magnetic field [21-23]. Applying a
magnetic field promotes the movement of magnetic
particles and creates a micro-agitation effect, leading
to an increase in the early liquid-like behavior of
cement paste [24, 25]. After a longer period of
magnetization, the cement paste shows an improve-
ment in stiffness because of the formation of magnetic
clusters [26]. The structural build-up of cementitious
paste under a magnetic field is mainly determined by
the magnetic properties and crystalline structures of
the nano-Fe;0,4 particles, rather than their particle size
[27]. Besides, the magnetic field itself has a significant
influence on the structural build-up of cementitious
paste. An abrupt decrease in storage modulus can be
observed when increase the magnetic field strength
from low to high value, and after removal of the
magnetic field, the cementitious paste shows a
relatively faster structural build-up [22].

For the dynamic flow properties, previous experi-
mental results show that the measured shear stress of
nano-Fe;0, incorporated cementitious paste under a
magnetic field of 0.5 T is even lower than that
obtained without magnetic field due to the obvious

nanoparticle agglomeration and bleeding in the inter-
face between the cementitious paste and the upper
rotating plate [28]. This results in an inaccurate
evaluation of yield stress and plastic viscosity. By
examining the magnetic properties of the hardened
cementitious paste powders in the plate, it is revealed
that the nanoparticle agglomeration is contributed by
the combined effect of high magnetic field and high-
rate shearing. Considering the future applications of
magneto-rheology control in concrete pumping,
advanced rheological protocol should be used to
understand the effect of magnetic field on the rheo-
logical properties of cementitious materials at flow-
state.

In the present study, the flow behavior of cemen-
titious-like suspension containing nano-Fe;O, parti-
cles at constant shear rate of 10 s™' is investigated
under various magnetic fields. The constant low-rate
shearing limits the migration and agglomeration of
nanoparticles in the suspension. Limestone powder
suspension is selected, as it exhibits similar rheolog-
ical behavior to cementitious suspension. The further
advantage of this suspension is that only physical
interactions such as van der Waals forces and mag-
netic forces exist, excluding the chemical effect on the
early shearing test. Several modes of magnetic fields,
including constant magnetic fields, step-changed
magnetic fields, and linear-changed magnetic fields,
are separately applied to the suspension under constant
low-rate shearing. The evolution of apparent viscosity
over time, representing the response of the suspension
to an external magnetic field, is illustrated and
theoretically discussed from the viewpoint of particle
interactions.

2 Experimental program
2.1 Materials and sample preparation

De-ionized water and limestone powder (LP) with
average particle size (Dso) of 3.71 pum and specific
gravity of 2.70 were utilized. The particle size
distribution of the limestone powder is shown in
Fig. 1. Commercial spherical iron oxide nanoparticles
(MNPs) with Fe;O,4 purity higher than 98 %, purchased
from US Research Nanomaterials, Inc, were used.
According to the manufacturer, the nano-Fe;O, par-
ticles have an average particle size of 20-30 nm and a
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Fig. 1 Particle size distribution of the limestone powder

specific gravity of 4.95. The magnetization curve of
the nanoparticles obtained from a vibrating sample
magnetometer is presented in Fig. 2.

A typical limestone powder suspension with W/LP
of 0.35 and MNPs content of 3% (by mass of limestone
powder + water) was selected. The low water content
ensures excellent stability and appropriate flowability
of the suspension. The suspension was mixed using a
rotational theometer (MCR 52, Anton Paar) equipped
with a helix geometry. The geometric parameters of
the helix rotator and the mixing procedure are the
same as given in [17, 22]. Note that the high rotational
speed of 3000 rpm provides a repeatable initial state of
paste samples.
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Fig. 2 Magnetization versus magnetic field strength curve of
the nano-Fe;0, particles

2.2 Testing methods

The flow behavior of the suspension was assessed
using a rotational parallel plate rheometer (MCR 102,
Anton Paar). A magneto-rheological device (Physica
MRD 170 + H-PTD200) is equipped to generate a
uniform magnetic field perpendicular to the plates
[29, 30]. The magnetic flux density can be controlled
by inputting the current in the coil. The effective
diameter of the plate is 20 mm. During the rheological
test, the gap between the upper and lower plates was
fixed at 1 mm, and the temperature was maintained at
20 £ 0.5 °C.

After pouring the sample onto the plate of the
rheometer, a pre-shearing procedure with a shear rate
of 100 s~ was first applied for 30 s, followed by 10 s
resting time. The purpose of the pre-shearing is to
destroy the possible agglomeration structures and
obtain a reference state. Note that no magnetic field
was applied during the pre-shearing and resting.
Subsequently, a constant shearing test with a shear
rate of 10 s~' was performed under a specific mag-
netic field and the shear stress was recorded every two
seconds. The selected magnetic field strength will be
illustrated in the following sections. The surface of the
suspension in the plate was checked after the rheo-
logical test, and there was no obvious bleeding or
nanoparticle agglomeration observed. The apparent
viscosity results from the measured shear stress as
follows:

= ; (1)
where p is the apparent viscosity (Pa.s), t is the
measured shear stress (Pa), and vy is the shear rate
(=10 s71). Three test repetitions were conducted for
each batch using remixed paste. The error bar in the

following figures indicates the standard deviation
calculated from the three obtained results.

3 Results and discussion
3.1 Constant magnetic fields

3.1.1 Evolution of apparent viscosity

Figure 3 presents the influence of constant magnetic
fields on the evolution of apparent viscosity of the
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Fig. 3 Evolution of apparent viscosity of the suspension under
constant magnetic fields, at constant shear rate of 10 s7!

limestone powder suspension at constant shear rate of
10 s~'. Four constant magnetic fields with strength of
0T, 025T, 05T and 0.75 T were exerted on the
suspension at the beginning of the shearing. In the
absence of magnetic field, the suspension exhibits a
significant reduction in the apparent viscosity imme-
diately after initiation of the shearing. There is an
obvious decay in the apparent viscosity followed by an
approximate steady-state after a longer period of
shearing. The initial reduction of the apparent viscos-
ity can be explained by the breakdown of flocculated
structures between solid particles formed in the resting
period. The decay of the apparent viscosity results
from the competition between the formation of
internal flocculates due to colloidal interactions and
the structural breakdown because of thermal motion
and hydrodynamic forces.

In the presence of an external magnetic field, the
development of apparent viscosity with time shows
distinct behavior, due to the rheological response of
the suspension to the magnetic field. On the one side, it
can be seen from the inserted enlarged view in Fig. 3
that the initial apparent viscosity of the suspension
under an external magnetic field, irrespective of the
magnetic field strength, is slightly higher than that
obtained without magnetic field. This implies that the
magnetic clusters of nanoparticles are formed imme-
diately after applying an external magnetic field. On
the other side, under constant shearing, the hydrody-
namic forces tending to destroy the internal structures
compete with the interactions facilitating the buildup
of colloidal structures and magnetic clusters.

Therefore, the apparent viscosity at constant shear
rate tends to evolve differently, depending on the
strength of the magnetic field. Indeed, under a weak
magnetic field of 0.25 T, the apparent viscosity
gradually decreases at early shearing time. This means
that the formation of colloidal structures and magnetic
clusters is not predominant. After shearing for around
230 s, the apparent viscosity shows slightly higher
magnitude than that under zero magnetic field. This
can be attributed to the fact that the shearing operation
possibly facilitates the formation of magnetic clusters
of nano-Fe;O, particles in the suspension [28],
exerting a slight resistance to the shear flow. By
comparison, under a magnetic field with relatively
high strength such as 0.75 T, the suspension exhibits a
more pronounced response to the magnetic field.
Specifically, the apparent viscosity shows a decrease
at the beginning of the shearing due to the breakdown
of flocculates. After a few seconds of shearing, the
studied suspension exhibits a rapid increase in the
apparent viscosity. This indicates that the colloidal
flocculation and magnetic clusters formation are
predominant. After experiencing longer shearing
under magnetic field, the apparent viscosity shows a
steady increasing trend, indicating an equilibrium
between structural build-up and breakdown. It should
be noticed that the structural build-up mainly con-
tributed by the formation of magnetic clusters is still
dominant in this stage.

Furthermore, it can be observed from Fig. 3 that a
higher magnetic field strength corresponds to a more
rapid response of the suspension under constant
shearing at 10 s~'. Indeed, the suspension starts to
respond at shearing time around 230 s under a
magnetic field of 0.25 T. However, in the presence
of a magnetic field of 0.75 T, the apparent viscosity of
the suspension exhibits a significant increase at around
10 s. Besides, the apparent viscosity at the shearing
time of 540 s raises from 1.9 to 25.8 Pa.s with
increasing magnetic field strength from O to 0.75 T.
The non-linear increase of the apparent viscosity with
magnetic field strength can possibly be attributed to
the viscoelastic properties of the suspension [31].
Nevertheless, applying a constant magnetic field
increases the viscosity of the limestone powder
suspension containing nano-Fe;O, particles under
constant shearing state.
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3.1.2 Theoretical discussions

The fresh limestone powder paste with nanoparticles
can be regarded as a concentrated suspension with
solid particles suspending in a continuous fluid phase
(i.e. water). The particle size of the solid grains varies
from several nanometers to tens of micrometers. In the
absence of external magnetic field, several types of
particle interactions are present in the poly-disperse
suspensions at flow-state, which can be summarized as
non-contact forces or colloidal interactions, Brownian
forces, hydrodynamic forces, and contact forces
between solid particles [32].

The non-contact (colloidal) interactions in a con-
centrated suspension include van der Waals forces,
electrostatic double layer forces, and/or steric hin-
drance repulsion [22, 33]. The magnitude of each force
depends on the separation distance between solid
particles. In the case of the studied limestone powder
suspension without chemical polymers, the van der
Waals attractive forces Fypy, as expressed in Eq. (2),
are assumed to dominate all other colloidal
interactions.

Aod
=7 2
12H? 2)

where A is the Hamaker constant (J), d is the particle
diameter (m), and H is the surface-surface separation
distance (m).

Brownian motion is the random thermal agitation of
solid particles in a suspension. The Brownian forces of
particles with size only lower than a few micrometers
have significant importance for the properties of the
suspension, causing the fine particles to randomly
diffuse in the suspending phase. A dimensionless
parameter N, estimating the relative magnitude of
Brownian motion over inter-particle force is expressed
by Eq. (3) [34]:

Ao
" 12H - kT

Fyvpw

N, (3)
where k is the Boltzman constant (mz.kg.s_l.K_l),
and T is the absolute temperature (K). If N, is higher
than 1, the thermal agitation is negligible compared
with the van der Waals attractive forces. For conven-
tional cementitious suspensions without polymers and
ultrafine additives, Brownian motion can be neglected
compared to the colloidal interactions [35].

For suspensions at flow state, a particle in the
suspension experiences a hydrodynamic force tending
to facilitate the particle to move. Meanwhile, a viscous
drag force is applied on the particle to dissipate the
kinetic energy. In the case of a spherical particle in a
shear field, the magnitude of the hydrodynamic force
is proportional to the square of the particle diameter
(dz) [36]. The hydrodynamic force Fp exerted by the
shear field on a particle can be calculated using
Eq. (4).

Fy = %m?sdz"? (4)
where 1), is the viscosity of the carrier fluid (Pa.s), d is
the particle diameter (m), and 7y is the shear rate (1/s).

In the presence of an external magnetic field,
magnetic forces exist between magnetic nanoparticles,
facilitating the nanoparticles tending to form magnetic
clusters [24, 26]. Assuming that all the nanoparticles
have the same constant dipole moment and are
arranged in the voids between limestone particles in
simple cubic order, upon the beginning of applying an
external magnetic field, the magnetic force F; of two
individual nanoparticles with center line along the
direction of the magnetic field can be estimated by
Eq. (5) [24]:

4
Fr— ﬂdzﬂo(PM)z ) 6¢uvps |’
M 24 n

(5)

where d is the particle size of the nano-Fe;O, particles
(m), p and M are respectively the density (kg/m>) and
magnetization per unit mass (Am?*/kg) of the magnetic
nanoparticles, o is the magnetic permeability of the
medium (assumed to be the same value of vacuum, i.e.
4n x 1077 N/A?), and @pnps is the volume fraction of
nanoparticles relative to the voids between limestone
particles, which can be calculated as:

VMnps
s =TT o 6
P (1= ¢1p) - Vo (6)

where @;p is the volume fraction of limestone
particles (%). Vynps and Vpo are the volume of
magnetic nanoparticles and total limestone powder
paste (kg/m?), respectively. The estimated magnetic
force is an important indicator to evaluate the inter-
actions between two nanoparticles upon applying a
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magnetic field [24]. It should be mentioned that the
estimated magnetic force is not the real numerical
force between magnetic nanoparticles.

Based on the aforementioned theoretical equations,
the intensity of various inter-particle connections in
the limestone powder suspension is evaluated. For
simplicity, the interactions between nanoparticles and
limestone particles are neglected, in spite of their
potential influence on the performances of the sus-
pension. In other words, only the forces between two
adjoining nano-Fe;O, particles or two neighboring
limestone particles are taken into account. The van der
Waals force is first estimated. According to [37], the
Hamaker constant for the interactions between non-
metallic solids and water is typically in the range of
1.0-1.5 x 102° J. The surface-surface separation
distance between limestone particles is assumed to
be 0.1 um [38]. In the case of neighboring nanopar-
ticles, the distance can be estimated based on the
assumption of simple cubic packing of the nanopar-
ticles in the voids between limestone powder particles
[24, 27], around 46 nm in this study. Afterwards, the
relative magnitude of Brownian motion over inter-
particle force is estimated, with the Boltzman constant
equal to 1.381 x 107> m*kg.s 2K ' and the abso-
lute temperature of 293 K. At constant shear rate of
10 s™', the hydrodynamic forces between solid parti-
cles can be calculated according to Eq. (4) with the
viscosity of the medium (i.e. water) of 0.001 Pa.s at
293 K. After applying an external magnetic field, the
magnetic force between two adjoining nanoparticles is
then estimated. As can be seen from Fig. 2, the
magnetization of the nanoparticles tends to saturate
even at low magnetic field strength, where the
suspension shows insignificant magneto-rheological
responses due to its intrinsic viscoelastic properties
[25], so that the saturation magnetization is selected as
the value of M in Eq. (5). It should be mentioned here
that the inter-particle connections because of the
external magnetic field gradually increase with mag-
netization time (and/or magnetic field strength) due to
the contact of the nanoparticles as well as the size
increase of clusters of nanoparticles. The main
parameters and the order of magnitude of the calcu-
lated interactions are summarized in Table 1.

In the absence of external magnetic field, Brownian
motion and hydrodynamic forces tend to destroy the
internal microstructures constructed by the colloidal
interactions, i.e. van der Waals attractive forces. As

expected, the Brownian forces between limestone
particles can be neglected compared with the van der
Waals forces, while the hydrodynamic forces between
individual nanoparticles are negligible. Under con-
stant shearing at 10 s~! it can be seen from Table 1
that the colloidal interactions cannot play a dominant
role in the suspension. This indicates that the internal
microstructure can be gradually destroyed by the
constant shearing, which is consistent with the gradual
decrease in the apparent viscosity in Fig. 3. Under an
external magnetic field, the magnetic forces between
nanoparticles always dominate the Brownian motion
[39]. Furthermore, it can be seen from Table 1 that the
colloidal interactions and the magnetic forces domi-
nate the hydrodynamic forces. This dominance will be
amplified with the increase of the interactions between
clusters. Besides, higher magnetic field strength
results in more nanoparticles contributing to the
magnetic clusters, and thus higher magnetic force
between nanoparticles [26, 27]. Accordingly, the
structural formation plays a more significant role than
the structural breakdown, reflected by the considerable
increase in the apparent viscosity under high magnetic
fields. The above-stated theoretical estimations pro-
vide preliminary explanations for the change of
apparent viscosity of the suspension under the syner-
gistic effect of constant shearing and magnetic field.

3.2 Time-varying magnetic fields
3.2.1 Step-changed magnetic fields

This section discusses the apparent viscosity evolution
of the limestone powder suspension imposed to step-
changed magnetic fields at constant shear rate of
10 s~'. Step-increased (0 T-0.5 T—0.75 T) and step-
decreased (0.75 T-0.5 T-0 T) magnetic fields were
selected. Each stage of the applied magnetic field
lasted for 180 s. The development of apparent viscos-
ity of the suspension under the synergistic effect of
step-changed magnetic field and constant shearing is
presented in Fig. 4.

Under the step-increased magnetic field at constant
shear rate of 10 s™', the apparent viscosity exhibits a
rapid increase when the magnetic field increases from
low to high value, as shown in Fig. 4a, indicating an
immediate enhancement in the structuration of the
suspension. This behavior is totally different from the
evolution of storage modulus in [22], which shows an
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Table 1 Summary of the order of magnitude of the estimated interactions

Interactions Main parameters
Van der Waals force Solid d (m) Ay () H (m) Fypw (N)
MNPs 25 % 1078 1.0 ~ 1.5 x 107%° 46 x 107 1074
LP 3.71 x 107° 1.0 ~ 15 x 107 0.1 x 1077 1073
Brownian force vs Van der Waals force Solid d (m) T (K) k (mz.kg.s’z.K’l) Nr
MNPs 25 x%x 1078 293 1.381 x 1073 0.179
LP 3.71 x 107° 293 1.381 x 1073 12.228
Hydrodynamic force Solid d (m) vy (1/s) Fg (N)
MNPs 25 % 108 10 1077
LP 3.71 x 107° 10 10713
Magnetic force Solid Prnps (g/cm’) Drinps H (m) Ms (A.m?/kg) Fyr (N)
MNPs 495 0.0228 46 x 107 49.48 10713

abrupt decrease to an extremely low value close to that
of reference cement paste with the step-increase of
magnetic field. This can be explained by the difference
of measuring sensitivity between the rotating shear
test and the small amplitude oscillatory shear (SAOS)
technique. When the external magnetic field suddenly
increases, the magnetic nanoparticles have a potential
to move to form clusters in a very short time. On the
one hand, the moving nanoparticles create a sort of
mechanical micro-agitation, breaking down the weak
connections between solid particles and further releas-
ing the entrapped water in the agglomerated clusters.
This shows a positive influence on the improvement of
the liquid-like behavior of the suspension. On the other
hand, the immediate formation of the magnetic
clusters tends to increase the solid-like properties of
the suspension. The corresponding changes of the
internal microstructure can be accurately monitored
by the SAOS technique. In the case of the rotating
shear test, however, the small increase of the liquid-
like properties possibly cannot be captured. Instead,
the formed magnetic clusters exert a resistance to the
shear flow immediately, resulting in a rapid increase in
the apparent viscosity. Besides, under a magnetic field
of 0.5 T and a constant shear rate of 10 sfl, the
colloidal interactions and the magnetic forces domi-
nate the hydrodynamic forces, as shown in Table 1.
Although the shearing destroys the magnetic clusters,

the flowing suspension is beneficial to facilitate the
contact frequency of nanoparticles and thus the
formation of clusters, which should also be responsi-
ble for the increase in the apparent viscosity. The
results indicate that the stability of responsive cemen-
titious paste during pumping could be possibly
improved by introducing an external magnetic field.
After shearing under magnetization for a while, the
apparent viscosity starts to increase steadily, indicat-
ing the competition between the structural build-up
and the structural breakdown. A higher magnetic field
strength corresponds to a faster increase in the
apparent viscosity and a shorter time to reach the
steady increase. This is in good agreement with the
results obtained under constant magnetic fields in
Fig. 3, which can be attributed to the stronger
connections between nanoparticles under higher mag-
netic fields. The results in Fig. 4a also demonstrate
that after applying the step-increased magnetic field
for a longer period, the obtained apparent viscosity of
the suspension reaches the same level as obtained at
the same magnetization time under a constant mag-
netic field. The slightly different evolution of the
apparent viscosity from the constant field mode can be
attributed to the difference in the initial state of the
suspension. Nevertheless, this result means to a certain
extent that the imposed history of the magnetic field
has less influence on the structuration increase of the



209 Page 8 of 12

Materials and Structures (2021) 54:209

30 1.00
0.75T

»N
o
1

20

I 0.50

e

0.5T
N I-0.25
0T-0.5T-0.75T

0T

Apparent viscosity (Pa.s)
¢
(1) P3Suaays paLy dNRUSEIA

0.00

0 180 360 540
Shearing time (s)

(a) Step-increased magnetic field

Fig. 4 Evolution of apparent viscosity of the suspension under step-changed magnetic fields, at constant shear rate of 10 s~

limestone powder suspension containing magnetic
nanoparticles.

Figure 4b presents the influence of step-decreased
magnetic field on the evolution of apparent viscosity
of the limestone powder suspension under constant
shearing. It can be seen that the apparent viscosity
exhibits a sudden decrease with the step-decrease of
the magnetic field, followed by a gradual reduction
behavior. This also differs from the responses of the
storage modulus, which shows a drop decrease
followed by a steady increase when the magnetic field
changes from high to low value [22]. The behavior of
the apparent viscosity can be explained by the
reversibility of the magnetic structures [21, 40]. When
the magnetic field decreases, parts of the magnetic
clusters disintegrate due to the reduction of magnetic
forces. This leads to a decrease in the shear resistance,
exhibiting a drop decline in the apparent viscosity,
especially when the magnetic field decreases from 0.5
to 0 T. Under the constant shearing, it will take a
relatively long period for the shearing flow to reach a
new equilibrium, as reflected by the gradual decrease
in the apparent viscosity. Furthermore, the apparent
viscosity reduces to the same level as that obtained
without magnetic field. This indicates that the residual
magnetic clusters in the suspension after removing the
magnetic field might be destroyed completely by the
shearing.
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3.2.2 Linear-changed magnetic fields

In this section, the influence of linear-changed mag-
netic fields on the evolution of apparent viscosity is
illustrated. Three modes of linear-changed magnetic
fields, as summarized in Table 2, were separately
applied to the limestone powder suspension at con-
stant shearing of 10 s™'. The corresponding evolution
of the apparent viscosity is presented in Fig. 5.
Figure 5a displays the evolution of apparent vis-
cosity of the limestone powder suspension under mode
I. For the first cycle of the linear-increased magnetic
field, it can be observed that increasing magnetic field
from O T to approx. 0.3 T shows less influence on the
evolution of the apparent viscosity, which is in
agreement with the results obtained under low
constant magnetic field in Fig. 3. This can be
attributed to the fact that the formed magnetic clusters
at low magnetic fields play an insignificant role in the
resistance to the shear flow. The apparent viscosity
starts to increase at the magnetic field higher than
approx. 0.3 T, and the increase rate seems to be similar
to that obtained under a constant magnetic field of
0.75 T. This is probably due to the fact that changing
the magnetic field tends to facilitate the formation of
magnetic clusters of nanoparticles. Another possible
reason is that the viscoelastic properties of the
suspension slow down the movement of nanoparticles
under a constant high magnetic field. The apparent
viscosity of the suspension at 0.75 T by linear-
increased mode is lower than that obtained under a
constant magnetic field of 0.75 T. This indicates that
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applying a high magnetic field to a flowing cementi-
tious paste in a pipe might have a negative influence on
the pumping pressure, while this negative effect can be
reduced significantly by introducing a linear-increased
magnetic field. When the magnetic field changes from
0.75 to O T at 180 s, the apparent viscosity exhibits a
sharp reduction, which is consistent with the results in
Fig. 4b. At the beginning of the second cycle of the
linear-increased magnetic field, the apparent viscosity
experiences an expected decrease. This can be
explained by the competition between the structural
build-up and the breakdown of remaining clusters and
colloidal flocculates, where the structural breakdown
is predominant. The experimental results also imply
that the evolution of the apparent viscosity under the
multiple linear-increased magnetic fields is history-
independent, at least within the entire shearing dura-
tion in this study.

Figure 5b presents the development of apparent
viscosity of the suspension under mode II. It can be
seen that the apparent viscosity shows a sudden
reduction at the beginning of applying the linearly
decreased magnetic field. This is consistent with the
result of applying a constant magnetic field of 0.75 T.
After shearing for a few seconds, the apparent
viscosity starts to increase with the continuous
decrease of the magnetic field from 0.75 to 0 T, due
to the formation of magnetic clusters in the suspen-
sion. Compared with the results under constant
magnetic field of 0.75 T, however, a more rapid
response but smaller increase rate of the apparent
viscosity is observed in the case of the linear-
decreased magnetic field. The more rapid response
provides experimental evidence to the afore-men-
tioned statement that changing magnetic field (in
small-scale in the case of decreasing mode) has a
tendency to promote the formation of magnetic

Table 2 Application modes of the linear-changed magnetic
fields

Modes Magnetic field strength

0-180 s 180-360 s 360-540 s
1 0T —-075T 0T —->075T 0T —->075T
I 075T->0T 075T-0T O075T->0T
I 0OT—-075T 075T-0T O0OT->075T

clusters of nanoparticles. By contrast, the smaller
increase rate of the apparent viscosity can be explained
by the gradual reduction in the interactions between
magnetic clusters with the decrease of field strength.
At magnetic field strength of approx. 0.63 T, the
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apparent viscosity reaches a peak and then gradually
decreases. This points to the disintegration of the
magnetic clusters, resulting in the structural break-
down because of the hydrodynamic forces becoming
predominant. At shearing time of 180 s, the apparent
viscosity experiences a sudden increase when the
magnetic field changes from 0 to 0.75 T. Furthermore,
the apparent viscosity shows a similar trend with
linearly decreasing magnetic field for the three cycles,
and the peak of the apparent viscosity always appears
at magnetic field decreasing to approx. 0.63 T. This
indicates that the history-independent behavior also
applies to the evolution of the apparent viscosity under
linear-decreased magnetic fields.

Figure 5c shows the evolution of apparent viscosity
of the suspension under the magnetic field of mode III.
The apparent viscosity with linearly increasing the
magnetic field from O to 0.75 T in Fig. Sc shows the
same trend as that in Fig. 5a, indicating the repeata-
bility and reliability of the experimental results. When
the magnetic field reaches 0.75 T and then starts to
decrease, the apparent viscosity continuously
increases within the first few tens of seconds, but the
increase rate slows down. This indicates that the
structural build-up due to the formation of colloidal
flocculates and magnetic clusters dominates, while on
the other hand, parts of magnetic clusters are decom-
posed simultaneously. After reaching a peak, the
apparent viscosity starts to decrease with the decrease
of magnetic field, probably due to the situation that the
magnetic clusters gradually disintegrate and the
hydrodynamic forces become to be predominant. At
360 s when the magnetic field starts to increase from 0
to 0.75 T, the apparent viscosity shows an immediate
increase, which is different from the developing trend
at the first cycle, or at 180 s (or 360 s) in Fig. Sa. This
can be possibly attributed to the internal structure of
the suspension, which is de-structured with the gradual
decrease of the magnetic field, while in the case of
Fig. 5a with magnetic field suddenly dropping from
0.75to 0 T, the suspension is still in a structured state.

4 Conclusions

The flow behavior of limestone powder suspension
containing nano-Fe3O,4 particles under various mag-
netic fields is experimentally studied and discussed
from the viewpoint of particle interactions. The

current results enable to reach the following
conclusions:

(1) In the absence of external magnetic field, the
apparent viscosity of limestone powder suspen-
sion at constant low shear rate gradually
decreases to an approximate steady state. Under
constant magnetic field, the suspension exhibits
obvious magneto-rheological responses due to
the formation of magnetic clusters of nanopar-
ticles. A higher magnetic field strength corre-
sponds to a faster and more pronounced
response because of the stronger connections
between nanoparticles and clusters.

(2) The limestone powder suspension at flow-state
shows an immediate enhancement in structura-
tion upon applying a step-increased magnetic
field, possibly due to the fact that the formation
of magnetic clusters exerts an instantaneous
resistance to the shear flow. The apparent
viscosity of the suspension starts to increase
steadily after shearing for a longer period. A
step-decreased magnetic field results in a sud-
den decrease in the apparent viscosity, followed
by a further reduction behavior.

(3) Linearly increasing magnetic field strength at
low ranges (e.g. 0 T-0.3 T) shows less influ-
ence on the evolution of apparent viscosity,
probably due to the weak connections between
nanoparticles and/or clusters. As the magnetic
field strength reaches values higher than 0.3 T,
the apparent viscosity gradually increases and
the increase rate is similar to that obtained under
a constant high magnetic field of 0.75 T.

(4) Compared with the results under a constant
magnetic field of 0.75 T, more rapid response
but smaller increase rate of apparent viscosity is
observed in the case of linearly decreasing
magnetic field from 0.75 to 0 T due to the
competition between formation and disintegra-
tion of magnetic clusters. As the magnetic field
decreases to approx. 0.63 T, the apparent
viscosity reaches a peak and then gradually
decreases. The evolution of apparent viscosity
of the suspension under linear-changed mag-
netic fields is history-independent.

(5) The apparent viscosity of the suspension with
magnetic field changing from high value to zero
shows history dependency. When the magnetic
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field suddenly changes, the apparent viscosity
exhibits a sharp reduction. However, if the
magnetic field linearly decreases to zero, the
apparent viscosity continuously increases at a
decreasing growth rate within the first few tens
of seconds. After reaching a peak, the apparent
viscosity gradually decreases with the decrease
of magnetic field strength.

Further research about applying an external mag-
netic field to responsive cement paste, mortar and even
concrete in a real pumping system is on-going.
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