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The sagging tendency of hematite in drilling mud is a common challenge occurring at high-pressure and high-temperature (HP/
HT) applications. This work studies the performance of hematite-based invert emulsion mud for HP/HT conditions and provides
a solution to prevent the hematite settlement using a combination of ilmenite with hematite. Practical mud formulation was
utilized over a range of ilmenite/hematite ratios (0/100, 20/80, 40/60, and 50/50%) to study sagging behaviour. From the sag
tests, the optimum combination proportion was determined. Thereafter, the density, emulsion stability, rheological and
viscoelastic properties, and filtration conduct for the formulated mud were evaluated. The experiments were conditioned as per
the standards of the American Petroleum Institute. The obtained results of sagging experiments indicated that including 50%
of ilmenite mitigated the hematite settling and reduced the sag tendency towards the safe range. A slight drop (4%) in mud
weight was noticed upon adding the ilmenite, whereas the emulsion stability was enhanced from 551 to 574 volts with the 50%
ilmenite content. The rheology and viscoelasticity measurements showed that 50/50% combination improved the yield point
(YP) by 50% with a trivial 1 cP increment on plastic viscosity (PV), hence enhancing the YP/PV ratio by 46%. Also, the gelling
strength was enhanced resulting in flat rheology and better gel structure. The filtration behaviour of 50% ilmenite mud was
improved compared to blank hematite as it resulted in 21, 15, and 17% reduction on the filtrated volume, filter cake weight,
and thickness, respectively. This study provides a solution for hematite sagging issue at HP/HT using combined weighting
agents, which contributes to enhancing the mud stability and avoiding several well control issues and related operational and
technical challenges that eventually will economize the drilling cost and time.

1. Introduction

Generally, two types of drilling muds are used (i.e., aqueous-
based and nonaqueous-based mud) [1–4]. The aqueous-
based mud is widely applied but with considerable chal-
lenges in hostile conditions such as water-sensitive and
high-pressure and high-temperature (HP/HT) formations,
where the nonaqueous-based mud has a preferred technical
performance but with environmental concerns [3, 5]. Hence,
the nonaqueous invert emulsion mud is practically intro-
duced to support the higher technical criteria and satisfy
the environmental regulations, which result in integrating
the practical benefits of both aqueous and nonaqueous-
based muds [3, 6]. The efficient control of the hydrostatic
and formation pressures in drilling operations is the primary

function of drilling muds. This can be achieved by maintain-
ing the fluid density using proper weighting agents.

Drilling in HP/HT conditions requires using higher den-
sity mud [7]; however, mud stability and rheology controlling
are the main associated technical issues. Breakdown of drilling
fluid stability usually occurs by solid settlement (sagging) of
weighting agents. Many factors affect this sagging phenome-
non such as gravity, drilling parameters, and mud properties
which results in significant variation in mud weight, deteriora-
tion of mud performance, and several well control challenges
[8–11]. These technical and operational issues necessitate a
choice of efficient weighting agents to ensuremud consistency.

Barite (BaSO4) is widely used to densify the drilling mud
with severe associated problems at HP/HT applications
[12–14]. Since barite has a relatively low specific gravity,
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high solid content is required to obtain the desired density,
which results in settlement of solid particles, more viscous
fluid, higher equivalent circulation density, and exaggerated
torque. The resulting inconsistent drilling fluid properties
will eventually lead to wellbore instability, pipe sticking, cir-
culation losses, and significant increase in drilling costs
[15–18]. Accordingly, the industry seeks for practical solu-
tions to mitigate these serious issues using alternative appli-
cable weighting materials that provide high-density mud
such as hematite, ilmenite, and Micromax [19–25].

Hematite (Fe2O3) is electrically conductive with specific
gravity of 4.9–5.3 g/cm3. It is known as an absorbent, blast-
ing, and adhesive agent. Hematite was firstly proposed as a
weighting agent by Haaland et al. [26]; then, its utilization
in drilling fluids grows significantly showing lower solid
content, significant ROP improvement, acid solubility, and
low toxicity [19–23]. The relatively high abrasiveness of
hematite is reduced by micronizing its particles [27], which
helps in improving the filtration and rheology performance
as well [28–37]. However, hematite sagging was still encoun-
tered in HP/HT wells [24, 38–41].

Titanium-iron oxide mineral (FeTiO3), known as ilmen-
ite, has specific gravity of 4.5–5.1 g/cm3, lower abrasiveness
than hematite, and acid solubility. Ilmenite is successfully
utilized as a weighting material [24, 28, 42]. Several studies
addressed using a combination of weighting materials in
various concentrations, and mixture utilization has been
extended to mitigate the associated issues and yield better
fluid stability which improves the efficiency of drilling oper-
ations [7, 17, 40, 41, 43, 44]. The combination of ilmenite
and hematite for aqueous-based mud showed successful mit-
igation of solid sagging with competent mud properties [41].

This study is aimed at providing a solution for prevent-
ing the settling of hematite particles in invert emulsion
mud at HP/HT applications and improving the mud suspen-
sion capacity by employing a range of ilmenite/hematite
combination ratios (0/100, 20/80, 40/60, and 50/50%). From
the sag tests, the optimal combination proportion was iden-
tified. Then, the key mud characteristics, represented by the
mud density, emulsion stability, rheology, viscoelasticity,
and filtration behaviour were addressed for the recom-
mended formulated mud.

2. Materials and Experiments

2.1. Materials. Several invert emulsion mud samples were
prepared using a practical field formulation. In these recipes,
for each 350 cm3 of mud, 172 cm3 of diesel was used as a
continuous phase. Invermul and Ez-mul with amounts of
11 cm3 and 4 cm3 were added as primary and secondary
emulsifiers, respectively. These emulsifiers were mixed for
10 minutes each. The alkalinity was controlled using 6 g of
lime, and 7 g of duratone was added to control the fluid
losses. The internal phase in the formula was represented
by 50 cm3 of water mixed with 32 g of calcium chloride
(CaCl2) to ensure the shale inhibition capability. Then, 10 g
of geltone viscosifier was added. 30 g of calcium carbonate
(CaCO3) was added which is the most common bridging
agent in drilling fluids. Lastly, 300 g of combined ilmenite/

hematite weighting materials in different ratios (0/100%,
20/80%, 40/60, and 50/50%) was added. To ensure the
proper function of the mud components, the additives were
added sequentially and mixed for 10 minutes each additive
except the viscosifier and weighting materials mixed for 20
minutes. The additives used to prepare these mud recipes
were obtained from the drilling fluid service provider.

2.2. Experiments. Firstly, the Helos laser particle size ana-
lyzer, JEOL JSM-5900LV scanning electron microscope
(SEM), and M4 Tornado X-ray fluorescence (XRF) were uti-
lized to study the mineralogical features of both hematite
and ilmenite.

Then, the tendency of solid settlement with different
concentrations of ilmenite was addressed by performing
the sagging tests at static and dynamic conditions. Thereaf-
ter, the optimal mixture of ilmenite/hematite that led to set-
tling mitigation was determined. The static test was
performed at vertical and 45° deviated positions as the sag
issue is practiced in both vertical and slanted wells. A pres-
sure of 500 psi and temperature of 350°F were applied on
muds that aged in the Ofite aging cell for 24 hours. The static
sag factor was determined by identifying the 10 cm3

fluid
weights from the top and bottom parts of the cell (Wtop
and Wbottom) and using Equation (1) [45]:

Sag factor =
Wbottom

Wbottom +Wtop
: ð1Þ

For the dynamic sag test, a viscometer (model 900) was
used to rotate the mud samples with 100 rpm for 30 minutes
under 150°F. The dynamic sagging magnitude was deter-
mined by calculating the viscometer sag shoe test (VSST)
value in ppg using Equation (2) [46], where Wbefore and
Wafter are the weights in grams of 10 cm3

fluid from the bot-
tom of the cup before and after rotation:

VSST = 0:834 × Wafter −Wbeforeð Þ: ð2Þ

Since several technical and operational problems in well
drilling are mainly affected by drilling fluid properties, the
key mud features were evaluated including the mud density,
emulsion stability, rheology, viscoelasticity, and filtration
properties.

The mud density and emulsion stability were measured
using the mud balance and electrical stability meter at ambi-
ent conditions.

The Ofite HP/HT viscometer was used to carry out the
rheology tests at elevated temperature (350°F) to estimate
the rheological properties of the optimum recommended
combination of hematite and ilmenite (i.e., plastic viscosity,
yield point, and gel strengths). Shear stresses corresponding
to several shear rates (600, 300, 200, 100, 6, and 3 rpm) were
recorded for each mud sample; then, the plastic viscosity was
determined from the difference between readings at 600 and
300 rpm, while the yield point was identified by subtracting
the calculated plastic viscosity from the stress reading at
300 rpm. The gel strengths were measured at the lowest
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Figure 3: SEM images for (a) hematite and (b) ilmenite.
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Figure 2: Particle size distribution (PSD) for hematite and ilmenite.
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Figure 1: Experimental workflow.
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shear rate after keeping the fluid at static conditions for 10
seconds and 10 and 30 minutes.

The viscoelastic properties like storage (G′) and loss mod-
uli (G″) for the prepared muds were studied by performing
the oscillatory amplitude and frequency tests, using the
Anton-Paar rheometer (MCR 702), to investigate the elasticity
of the inner structure. In the amplitude test, 0.01%−100%
range of shear strain values were used at a fixed frequency of
10 rad/s for defining the linear viscoelastic range, whereas
the frequency test was carried out at various frequencies rang-
ing 0.1–100 rad/s and fixed shear strain value.

The filtration experiment was conducted, using Ofite HP/
HT filter press (modelMB), to study the filtration behaviour of
the optimum ilmenite/hematite mixture. The test was per-
formed using a 50μm ceramic disc as filtration media under
differential pressure of 500psi and temperature of 350°F. The
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Figure 4: The elemental composition is derived from an XRF measurement on (a) hematite and (b) ilmenite.
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Figure 5: Results of sag tests under (a) static conditions at 350°F and (b) dynamic conditions at 150°F.
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filtrated volume was observed for 30 minutes, and the thick-
ness and weight of the filter cake were measured.

The experimental workflow of this study is summarized
in Figure 1.

3. Results and Discussion

3.1. Weighting Material Characterization. Recently, the utili-
zation of hematite in drilling fluids grows significantly show-
ing competent performance but with sagging issues at
elevated temperature and relatively high abrasiveness. While
ilmenite is successfully utilized as weighting material with
lower abrasiveness than hematite, it is relatively more expen-
sive. Accordingly, a combination of ilmenite and hematite
was considered in this study to get the most benefits of each
weighting material and minimize their technical and eco-
nomic concerns. The characterization of both materials indi-
cated their features as follows.

The particle size analyzer showed that ilmenite has less
average particle size (D50) of 5.2μm than 16.9μm for hema-
tite particles (Figure 2). This tiny particle size helps to min-
imize equipment erosion, because the abrasiveness of
weighting materials increases with its particle size [47].

The large crystal structure and sharp-edged particles of
hematite, as depicted in Figure 3, contribute to its abrasive-
ness. On the other hand, the SEM images showed that ilmenite
has smaller and uniform particle sizes, which will help to mit-
igate the hematite abrasiveness issue after combination.

The chemical elemental composition for ilmenite and
hematite was analyzed using XRF. The results presented that
56.2% iron, 37.3% titanium, and small percentages of mag-
nesium, aluminium, and silicon are the main elements con-
stituting ilmenite, whereas iron with 95.9% predominates in
hematite composition with few contents of aluminium and
silicon (Figure 4).

3.2. Sagging Tendency. The results from sag tests asserted the
settling problem of hematite mud at HP/HT, since the static
sagging factors were 0.56 and 0.58 in vertical and inclined
positions, respectively (Figure 5(a)), whereas the recom-
mended range is 0.50−0.53 [48]. At dynamic condition, the
obtained viscometer sag shoe test value (VSST) was 1.4 ppg
compared to the safe values of less than 1.0 ppg [46], as
depicted in Figure 5(b).

Including ilmenite in several ratios (0, 20, 40, and 50%)
resulted in fluids with lower sag tendency showing mini-
mum solid settling and avoiding density inconsistency. The
addition of 50% ilmenite brought the mud well within the
recommended static sagging factor ranges at vertical and
inclined situations (0.51 and 0.52), while 0.8 ppg was the
VSST value from the dynamic test, as shown in Figure 5.
The enhancement of the sagging performance is attributed
to the surface charge, colloidal stability, and particle shape
and size of ilmenite [16, 17, 42, 43].

In practice, hematite sagging leads to several well control
issues such as wellbore instability, pipe sticking, and loss of
circulation due to the broad variance in mud properties;
therefore, mitigating these problems will minimize the non-
productive time and reduce the drilling cost. Moreover,
compared to hematite, ilmenite has less sagging tendency,
but with relatively higher cost, so combining ilmenite with
hematite can enhance the mud stability and defeat the rela-
tively higher cost of ilmenite. Since the 50/50% ilmenite/
hematite mixture satisfies the necessities pertaining to sag
performance and cost optimization, this mixing percentage
was considered for further investigation to address its
impact on the key mud properties.

3.3. Density and Electrical Stability Tests. Combining 50% of
ilmenite with hematite slightly reduces the mud density
from 14.4 ppg for the base mud to 13.8 ppg because ilmenite
has relatively less specific gravity. Practically, hematite
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sagging in nonaqueous mud is observed at mud density
greater or equal to 14 ppg and temperature higher than or
equal to 350°F; therefore, reducing the density may help in
mitigating the sagging occurrence; however, at high-
pressure applications, it is necessary to assure density main-
taining the required hydrostatic pressure. On the other
hand, the emulsion stability of the mud was improved upon
the addition of 50% ilmenite, as the electrical stability was
increased from 551 to 574 volts. This increment in electrical
stability is attributed to the less conductivity of ilmenite
compared to hematite. Figure 6 presents the mud weight
and electrical stability values for the base hematite and the
50% ilmenite content at ambient conditions.

3.4. Rheology Tests. The rheology measurements at 350°F
indicated that using 50% of ilmenite increased the yield
point (YP) significantly by 50% from 16 to 24 lb/100 ft2 with
inconsiderable impact on plastic viscosity (PV) as it raised
from 37 to 38 cP (Figure 7(a)). Therefore, the YP/PV ratio
was improved by 46%, indicating an enhancement in mud
stability and better hole cleaning practice without a need
for additional pressure to circulate the mud [49, 50].

Also, the 50% ilmenite content enhanced the gel strength
values at 10 seconds, 10 minutes, and 30 minutes and
resulted in flat rheology (Figure 7(b)) because it increases
the shear stress at a low shear rate, assigning lower sagging
and better suspension and gelling performance.
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3.5. Filtration Performance. The HP/HT filtration experi-
ment at 350°F and 500psi showed an enhancement in filtra-
tion characteristics when using 50% ilmenite over the pure-
hematite mud. The filtrated volume was 6.5 cm3 compared
to 8.2 cm3 for base mud which corresponds to a 21%
enhancement, as depicted in Figure 8(a). Also, the composed
filter cake with the mixture had weight and thickness of
22.6 g and 3.5mm which were less than the 26.7 g and
4.3mm for the base hematite filter cake by 15 and 17%,
respectively (Figure 8(b)). The features of ilmenite particles
and improvement in rheology led to a fast plugging mecha-
nism and decreased the filtrated volume and solid invasion
as well. Moreover, the reduced filter cake thickness helps in
mitigating the pipe sticking and eases the removal process.
Since the practical filter cake is characterized as thin, fast-
forming, impermeable, and easy to remove, the resulting less
filtrated volume, cake thickness, and weight give indications
on the enhancement of filtration behaviour. However, evalu-
ating the porosity and permeability is recommended to be
considered for future work.

3.6. Viscoelasticity Behaviour. The results of the amplitude
sweep test indicated an increment on G′ and G″ values upon
inclusion addition with predominance of G′ at low shear
rates; also, the linear viscoelastic range was extended as
shown in Figure 9(a). As a result, the properties move
towards better elasticity, sag resistance, and solid-like behav-
iour. Moreover, the results of the frequency test displayed in
Figure 9(b) showed that the elasticity of the inner structure
and mud stability goes hand in hand with the higher G′
values, which confirmed the enhanced viscoelasticity behav-
iour of the 50% ilmenite formulation.

4. Conclusions

A comprehensive experimental study was conducted to
investigate the influence of ilmenite inclusion towards solv-
ing the sag problems that are associated with the application
of hematite-based invert emulsion mud at HP/HT and to
determine the optimum mixing percentage. The key mud
properties were measured and analyzed. The outcomes can
be concluded as follows:

(i) Adding 50% of fine particles of ilmenite fulfilled the
hematite sagging avoidance in both static and
dynamic conditions

(ii) The less specific gravity of ilmenite resulted in mud’s
density reduction by 4% with the recommended mix-
ture of weighting agents, whereas the electrical stabil-
ity was enhanced from 551 to 574 volts due to the
relatively lower ilmenite’s conductivity

(iii) Adding the 50% ilmenite raised the YP by 50% with
only 1 cP increment in PV, enhancing the YP/PV
ratio by 46% indicating better fluid stability and
hole cleaning without a need for additional pump-
ing pressure for mud circulation

(iv) The ilmenite improved the gelling strength and sus-
pension capacity with a result of flat rheology

(v) The filtration behaviour of the mud with 50%
ilmenite was enhanced compared to blank hematite
as it resulted in a 21% drop in filtrated volume with
15 and 17% improvement in weight and thickness
of filter cake
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