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fluid additives, can lead to the development
of “smarter” drilling fluid systems with
optimal and made-to-order rheological
properties5. In our preceding studies6,7, we
used water-bentonite suspensions as the base
fluid for the formulation of complex drilling
fluid systems, giving superior rheological
and filtration characteristics. The different
additives used each time necessitate a deep
understanding of their strengths and
limitations in order to control the rheology of
the fluid and subsequently the drilling
operations performance.
Yet, despite some studies that were
carried out over the previous years2,8,9, which
have tried to understand the temperature
effect on the rheological properties of
aqueous bentonite suspensions, there is still a
lot of room for a deeper understanding of the
temperature dependence of the flow
properties and especially of the contribution
of microstructure mechanisms.
This paper presents data showing the
effect of temperature (up to 70°C) at
atmospheric pressure on the rheological
properties of water-bentonite suspensions.
The experimental results point out that there
is a complex particle to particle interaction at
ambient temperature which is enhanced at
higher temperatures and that the produced
suspensions have reversible thermal/shear
history characteristics. Numerous physicochemical analysis techniques were employed
to reveal this phenomenon in order to
examine such complex inter-particle
structures.

EXPERIMENTAL
Materials and Sample Preparation
The bentonite (Aquagel-Gold Seal) was
supplied by Halliburton in powder form with
specific gravity 2.6 and without any polymer
additives, according to vendor specifications.
It is tan in colour with a pH range 8-10.
X-Ray Diffraction (XRD) and X-Ray
Fluorescence (XRF) analysis were employed
to reveal its mineralogical and chemical
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composition, respectively. XRD analysis was
carried out using a Rigaku Ultima IV
multipurpose X-ray diffractometer. XRD
pattern was collected at 2theta (2θ) angle
from 3 to 80 degrees with a sampling width
of 0.01 degree and scanning speed of 0.5
degree/minute, and was analysed using the
Rigaku PDXL2 analysis software. The
elemental analysis of the Bentonite powder
was carried out using a Rigaku ZSX Primuss
II wavelength dispersive X-ray Fluorescence
(XRF) spectrometer (WD-XRD). The
powder sample was loaded on an aluminium
cup and a pellet is prepared using 20T power
press without adding any binder.
A Beckman Coulter Laser Scattering
Particle Size Analyzer with dry-powder
module was used to study particle size
distribution of the bentonite powder.
Finally, a FEI QUANTA 400
Environmental
Scanning
Electron
Microscope (SEM) equipped with EDAX
Apollo
Energy
Dispersive
X-ray
Spectroscopy (EDS) system, was used for
surface structure and chemical analysis,
respectively. For SEM analysis, the samples
were coated with gold using a Leica EM
SCD050 coating machine.
Bentonite (45.16 g) was added to 600 ml
of de-ionized water to give us 7.0 wt.%
suspension with pH range 7.8-8.2, and mixed
at 11000 rpm in a Hamilton Beach mixer for
20 min in order to create the samples. The
samples were prepared according to
American Petroleum Institute (API)
procedures10,11. The suspension was left to
hydrate for 16 h in plastic containers. All
rheological measurements for all tested
samples were taken one day after the initial
preparation of the samples. Before making
the rheological measurements the samples
were stirred for five minutes in the Hamilton
Beach mixer in order to achieve the same
shear history for each sample10. The
preparation and measurement protocols for
each sample was followed strictly, in order to
ensure consistency and to minimize any
biases of our results.
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phyllosilicate clay. Other bentonite clay
species such as illite and a small amount of
Quartz are also present as minor phases.

Figure 1. X-Ray Diffraction (XRD) analysis
of bentonite.
XRF elemental analysis revealed that the
main elements in the powder are Si, Al, Fe,
Na, Mg and Ca, which are in accordance with
the chemical composition of bentonite clays
and quartz, identified by the XRD analysis
(Fig. 1). The weight percentage of the major
elements are reported in Table 1.
Table 1. X-Ray Fluorescence (XRF)
elemental analysis (%) of bentonite.
SiO2
65.30

Al2O3
20.30

Fe2O3
5.75

Na2O
2.38

MgO
2.24

CaO
1.30

Particle Size Analysis (PSA), showed that
the mean particle size of the bentonite is
36μm (Fig. 2). This is in agreement with the
observed particle size from the SEM analysis
(Fig. 3).

Figure 2. Particle Size Analysis of bentonite
powder.
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We compare SEM images at 100μm,
while insets are taken at 40μm of the same
sample, from suspensions at 25˚C (Fig. 3a),
then directly to 40˚C (Fig. 3b) and 60˚C (Fig.
3c) and raw bentonite powder at 20μm (Fig.
3d). Similarities and differences for their size
and morphology are evident when comparing
the suspensions with SEM. The main
conclusion that can be drawn from Fig. 3, is
that the suspensions have a smoother uniform
surface and better dispersion compared to
other samples. At higher temperatures (40˚C
and 60˚C), the surfaces of samples became
rougher with higher concentrations of porous
muffin-shaped particles on their surfaces.
This morphology can probably affect their
rheological characteristics, which requires
further investigation in order to gain a deeper
understanding. Higher magnification (Fig.
3d), reveals the particle size of the bentonite,
probably being composed of single platelets
with an average length of 20μm. The EDS
elemental analysis of the bentonite powder
(Fig. 4) shows the presence of major
elements such as Si, Al, Na, Mg, K, Ca, and
confirms the results obtained from XRF
(Table 1).
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Fig. 7 and 8 compare the apparent
viscosity of the suspensions (S1 and S2) at
the different tested temperatures (25˚C70˚C). It can be seen that higher temperatures
cause an increase of the viscosity at all shear
rates, for both S1 and S2 with shear thinning
characteristics. This is in contrast to the base
fluid (water) behaviour, where high
temperatures cause a decrease in viscosity
values. A possible explanation for this
behaviour is that exposure of the suspensions
at higher temperatures has caused a better
dispersion of the bentonite, therefore
increasing the number of individual platelets
in suspension. Our results are in good
agreement with these presented by Annis2,
who observed a significant increase in the
viscosity for higher temperatures and argued
that high shear rate viscosities are mainly due
to mechanical interaction of the solids and
the liquid. The low shear rate viscosities are
greater than the viscosity at higher shear rates
and this difference becomes greater as
temperature increases14. This can be possibly
attributed to the fact that particle aggregates
were broken down into smaller flow units by
the applied forces, leading to lower viscosity
values at higher shear rates. Under high shear
rates the fluid is not able to build a strong
inter-particle network which arises from the
gelation of water-bentonite suspensions upon
exposure at high temperatures. The S2 (Fig.
8) was tested back to 25˚C, after a continuous
testing from 25˚C to 60˚C, showing that
apparent viscosity was not significantly
affected when exposed to a higher
temperature (60˚C), with a maximum of 5%
changes at higher shear rates and 15% at
lower rates.

Figure 7. Apparent viscosity of 7 wt%
water-bentonite suspensions as a function of
shear rate at different temperatures (S1).

Figure 8. Apparent viscosity of 7 wt%
water-bentonite suspensions as a function of
shear rate at different temperatures (S2).
Tables 2 and 3, give the rheological
Herschel-Bulkley (HB) parameters at
different temperatures for the S1 and S2
samples. It can be clearly seen that there is an
excellent fit of the HB model because of the
very high regression coefficient (R2) values
and the very small variation of the sum of
square errors (ΣQ2) achieved, with R2 to be
higher than 0.99 in all cases and the range of
ΣQ2 between 0.35–1.43 Pa2.
Table 2. Herschel-Bulkley Model
parameters fitted at different temperatures
for 7 wt% water-bentonite suspensions (S1).
Herschel-Bulkley Model
Temp
eratur
e
(oC)
25

204

τo

K

(Pa)

(Pa∙sn)

3.38

0.097

n

R2

∑Q2
(Pa)2

0.747

0.9990

0.45
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Table 4. Herschel-Bulkley (HB) Model
parameters fitted for samples directly
measured at 40˚C and 60˚C (S3 and S4).
Herschel-Bulkley Model
Temp
eratur
e
(oC)
Only
40˚C
Only
60˚C

Figure 10. Variation of Herschel-Bulkley
flow consistency (K) and flow behaviour (n)
index with temperature for the S1 sample.
Another interesting issue is the effect of
temperature in the produced suspensions
under varying conditions (time, temperature)
of exposure. For this reason, two new
samples (S3 and S4) were prepared, and
tested directly to 40˚C and 60˚C. From Fig.
11 and Table 4, it can be observed that the
samples which were tested directly at 40˚C
and 60˚C showed lower yield stress values
than these of the continuous cycle (25˚C60˚C), with an average decrease of 30%. This
difference is larger as the temperature
increases, which reveals the great impact of
temperature history profile on their
rheological characteristics. Alderman et al.9,
reported that the rheological properties of
clay suspensions are extremely time,
temperature and shear-history dependent.
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Table 5. Herschel-Bulkley (HB) Model
parameters fitted for the S5 sample at 25˚C
after a) 1 day b) 30 days and c) 60 days.
25˚C
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∑Q2

K

The rheological stability of the produced
suspensions under different aging time was
evaluated by testing a new sample (S5) at
fresh conditions (1 day), after 30 days and
after 60 days at 25˚C. Table 5 and Fig. 12
present the variation of the HB parameters
and the rheogram, respectively. It is observed
that there is a small increase in the yield stress
after 30 and 60 days with a value of 3.69 Pa
and 3.76 Pa, respectively, compared to its
initial value of 3.41 Pa. This can be attributed
to the formation of a stronger particle
network due to an enhanced clay platelet
dispersion over time. The variations in K and
n are small, while R2 is higher than 0.99 in all
cases. Our results indicate that the prepared
suspensions were rheologically stable with
minor rheological changes after 60 days of
natural aging.

Aging

Figure 11. Comparison of yield stress values
of the S2 with samples that tested directly to
40˚C and 60˚C.
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