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Abstract

Weighting agents are mixed with the drilling mud to provide the high density required to control high-pressure high-temper-

ature (HPHT) wells throughout the drilling operation. Solids sag occurs when the weighting agent separates from the liquid 

phase and settles down, causing variations in the drilling fluid density. This study evaluates barite–manganese tetroxide 

(Micromax) mixture to eliminate solids sag issue encountered with weighted invert emulsion drilling fluids at HPHT con-

ditions. Micromax additive was added to barite-weighted fluids in different concentrations, 0, 15, and 30 wt% of the total 

weighting agent. Static and dynamic sag tests were used to evaluate the sag tendency of the new formulation under static and 

dynamic conditions. The performance of the new formulation was evaluated by measuring the electrical stability, density, 

rheological, viscoelastic, and filtration properties of the drilling fluid. The obtained results showed that Micromax additive 

improves drilling fluid stability by reducing the sag tendency. Adding only 30 wt% of Micromax additive eliminated barite 

sag issue in both dynamic and static conditions at 350 °F. 30 wt% Micromax increased the base fluid density by 5.4% and 

the yield point by 115% and maintained the gel strength value at 12 lb/100 ft2, while it reduced the plastic viscosity by 30%. 

The addition of Micromax additive improved the viscoelastic properties of the drilling fluid by maintaining a higher storage 

modulus to the loss modulus ratio when compared with the barite sample (in the range 4–4.5). Furthermore, 30 wt% Micro-

max improved the filtration performance by reducing the filtrate volume, filter cake weight, and filter cake thickness by 50%.
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Introduction

Weighting agents are used to increase the density of the 

drilling fluid to efficiently control oil and gas well through-

out the drilling operation (Caenn et al. 2011; Hossain and 

Al-Majed 2015; Stroud 1922, 1926). The common weight-

ing agents used in drilling applications are calcium carbon-

ate, barite, ilmenite, manganese tetroxide (Micromax), and 

hematite (Yao et al. 2014; Elkatatny et al. 2012a, b; Al-Yami 

et al. 2007; Tehrani et al. 2014). Because of the good proper-

ties and low cost, barite is the most widely used weighting 

agent (Pozebon et al. 2005; Nguyen et al. 2009; Bageri et al. 

2017). However, barite sag is a serious issue when using 

barite-weighted fluids. It occurs when solid particles sepa-

rate from the liquid phase and settle down (Bern et al. 2000; 

Omland et al. 2007). Because of the solids settlement, the 

fluid density will vary, causing a severe well control issue 

(Saasen et al. 2002; Zamora and Bell 2004), and interference 

with the drilling operations (Mohamed et al. 2017). This 

phenomenon occurs in both directional and vertical wells, 

whether under dynamic or static conditions, most commonly 

with dynamic conditions at low shear rates (Murphy et al. 

2008).

Many parameters affect the sagging phenomenon in drill-

ing operations such as fluid type and density, drilling fluid 

additives, weighting agent, particle size, low shear rheol-

ogy, downhole temperature, wellbore geometry and inclina-

tion, drill pipe rotation, and time (Bern et al. 2000). Several 

experimental studies were performed to simulate and meas-

ure the barite sag tendency in the laboratory under static 

and dynamic conditions. One of the common methods to 
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evaluate the sag tendency of the drilling fluid is measuring 

the weight difference between the top and bottom of the 

fluid column using flow loops, sag cell setup, and viscom-

eter sag show test (Hanson et al. 1990; Aldea et al. 2001; 

Saasen et al. 2002; Temple et al. 2004; Murphy et al. 2008; 

Alabdullatif et al. 2015; Davis et al. 2017; Basfar et al. 2018; 

Elkatatny 2018, 2019; Boyou et al. 2019; Mohamed et al. 

2020). Another method of barite sag measurement is using 

the rheological and viscoelastic properties obtained by dif-

ferent rheometers and correlates the data with sag tendency 

(Chilingarian et al. 1983; Saasen et al. 1995; Power and 

Zamora 2003; Maxey 2007; Bern et al. 2010). Ultrasonic 

and nuclear magnetic resonance (NMR) techniques were 

also utilized to measure the sag tendency of the drilling 

fluid by detecting the density stratification using the sound 

velocity and the influence of the magnetic field, respectively 

(Omland et al. 2007). Another advancement in solids sag 

testing was recently introduced by Ofei et al. 2020. They 

used a cylindrical glass cell with multiple light scattering 

techniques to characterize the homogeneity and settling 

speed of the solid particles in the drilling fluid.

Several studies were conducted to solve solids sag phe-

nomenon in oil- and water-based muds by training rig per-

sonnel (Scott et al. 2004), optimizing the rheological prop-

erties of the drilling fluid using anti-sagging agents and 

rheology modifiers (Temple et al. 2004; Davis et al. 2017; 

Basfar et al. 2018; Elkatatny 2018, 2019; Mohamed et al. 

2020), reducing the particle size of the weighting agent 

(Mohamed et al. 2017; Boyou et al. 2019), replacing the 

weight material, or adding a combination of weight materi-

als (Alabdullatif et al. 2015; Abdou et al. 2018; Basfar et al. 

2019; Mohamed et al. 2019).

Because of the limited resources and high demand for 

barite, other alternatives to barite are needed to weight the 

drilling fluid for HPHT applications (Blomberg and Mel-

berg 1984). Research studies were conducted on the use of 

ilmenite as an alternative weighting agent because of its high 

density (4.7–4.79 g/cm3), availability, and acid solubility 

(Haaland et al. 1976; Tuntland et al. 1982; Elkatatny et al. 

2012a, b; Xiao et al. 2013). However, ilmenite abrasive-

ness to drilling fluid equipment is a major issue (Xiao et al. 

2013), and it could be mitigated by using ilmenite with small 

particles (< 45 µm); less than 3% of large particles (larger 

than 45 µm) should be used (Blomberg and Melberg 1984). 

Micromax additive is another alternative weighting agent to 

barite. It has a high specific gravity (4.8), and the fine parti-

cles of Micromax additive (about 1 µm) make the abrasive-

ness and sag tendency of Micromax additive less than that of 

barite (Mustapai 2011; Ma et al. 2019). Micromax additive 

is reservoir friendly and causes less formation damage com-

pared with other weighting agents (Al-Muhailan et al. 2014).

To solve the barite sag issue and the high cost of Micro-

max additive, compared to barite, this study evaluates the 

mixture of barite and Micromax to provide the required den-

sity of invert emulsion muds to drill HPHT wells effectively. 

Hence, the effect of combined weighting agents on sag ten-

dency and drilling fluid properties is evaluated.

Materials and methods

Different concentrations of Micromax additive (0, 15, and 

30 wt% of the total weighting agent) were added to the bar-

ite-weighted fluid to prepare the drilling fluid samples using 

the description shown in Table 1. Diesel was used as a con-

tinuous phase, while water was the dispersed phase. Primary 

and secondary emulsifiers  (INVERMUL® and EZ  MUL®) 

were used to create a stable water-in-oil emulsion. Lime was 

used to enhance emulsion stability by activating the fatty 

acid emulsifiers, while calcium chloride was used as a clay 

and shale inhibitor. The viscosity of the invert emulsion mud 

was maintained using an organophilic clay  (GELTONE®). 

Calcium carbonate was used as a bridging agent, and the 

drilling fluid was weighted using barite and Micromax addi-

tive in different ratios. The mixing sequence of the additives 

is as listed in Table 1.

Experimental procedure

Material characterization

The weighting agents, barite and Micromax, were charac-

terized by measuring the elemental composition, morphol-

ogy, and particle size distribution (PSD) to understand 

the mechanisms of sagging behavior of the solid particles 

and how the sag tendency can be reduced with Micromax-

weighted fluids. The elemental composition was determined 

Table 1  Drilling fluid recipe in field units (1 bbl of mud)

Additive Amount Weight 
percentage 
(wt%)

Mixing 
time 
(min)

Diesel 0.48 bbl 13.93 –

INVERMUL® 8 lb 0.799 10

Lime 6 lb 0.599 10

DURATONE® 4 lb 0.4 10

Water 0.053 bbl 1.85 10

Calcium chloride 7 lb 0.699 10

GELTONE® 5 lb 0.5 20

EZ  MUL® 3 lb 0.3 10

Calcium carbonate (fine) 5 lb 0.5 10

Calcium carbonate (medium) 5 lb 0.5

Weighting agent (Barite–Micro-
max)

800 lb 79.9 20
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by a small-spot X-ray fluorescence technique (micro-XRF) 

using the M4 TORNADO instrument. Scanning electron 

microscopy (SEM) was performed using the JEOL JSM-

5900LV instrument to determine the morphology of the 

weighting agents’ particles, while TURBO TRAC particle 

size analyzer that uses laser diffraction method was utilized 

to determine the particle size distribution of the weighting 

agents used in this study.

Sag tests

Sag tests, static and dynamic, were used to study the sag 

tendency of fluid samples to determine the optimum concen-

tration of Micromax additive. The static sag test was carried 

out for 24 h under vertical and inclined (45°) conditions at 

350 °F and 500 psi, using an aging cell setup, Fig. 1, while 

the dynamic sag test was performed using viscometer sag 

shoe test, VSST, Fig. 2, at the standard conditions (30 min, 

120 °F, and atmospheric pressure). The fluid samples are 

kept at testing conditions, and with time and due to the high 

temperature, the drilling fluid starts to degrade, and solid 

particles tend to separate and settle down due to the grav-

ity effect. The main principle of the sag test is to measure 

the weight difference between the top and bottom of the 

fluid column after the test. The detailed procedure of the 

static and dynamic sag tests is well explained in the literature 

(Mohamed et al. 2017, 2019; Basfar et al. 2018, 2019).

Rheological and viscoelastic properties

The impact of adding Micromax additive on the rheological 

and viscoelastic properties of the mud was studied at 350 °F 

by measuring plastic viscosity, yield point, gel strength, 

and the storage and loss modulus. Rheological properties 

were measured using OFITE 77-HPHT Viscometer. Yield 

point (YP) and plastic viscosity (PV) were obtained from 

the viscometer dial reading (Ø) at 300 and 600 RPM using 

Eqs. 1 and 2, while gel strength values were obtained from 

the direct dial reading at 3 RPM after 10 s, 10 min, and 

30 min of static gel time. Storage modulus (G′) and loss 

modulus (G′′) were obtained from the frequency and ampli-

tude oscillatory tests conducted using Anton Paar rheometer. 

Firstly, the amplitude sweep test was conducted to identify 

the linear viscoelastic range. The test was run at a constant 

frequency of 10 rad/s while the amplitude of the shear stress 

was increased gradually. Then, the frequency sweep test was 

run, using a fresh fluid sample, at a constant strain of 0.1 

that falls within the linear viscoelastic range, and the storage 

modulus G′ and loss modulus G′′ were obtained at differ-

ent angular frequencies. Both rheology and oscillatory tests 

were conducted at 2000 psi and 350 °F.

Density and electrical stability

The density and electrical stability of the invert emulsion 

mud were measured to study the effect of Micromax additive 

on these properties. The measurements were taken at ambi-

ent temperature using a mud balance and electrical stability 

tester.

HPHT �ltration

The impact of using Micromax additive on the filtration 

properties of the drilling mud was evaluated using the HPHT 

filtration test. The test was conducted at 500 psi differential 

(1)PV(cP) = �
600

− �
300

(2)YP

(

lb

100ft
2

)

= �
300

− PV

Fig. 1  Apparatus for static sag test: a vertical and b inclined (45°) 
(Elkatatny 2019)

Fig. 2  Apparatus for dynamic sag test (Basfar et al. 2018)
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pressure and 350 °F using a ceramic filter disk with a mean 

pore diameter of 50 µm as a filtration medium. The experi-

ment was run for the standard test duration, 30 min. The 

measured filtration properties are filter cake weight, filter 

cake thickness, and total filtrate volume.

Results and discussion

Material characterization

Weighting agents, barite and Micromax, were character-

ized by measuring the elemental composition using X-ray 

fluorescence, XRF. The results in Table 2 show that bar-

ite mainly contains 77.5 wt% barium, 17.7 wt% sulfur, and 

small traces of silicon, iron, and potassium. While Micro-

max additive contains 99.2 wt% manganese, the remaining 

weight is small traces of aluminum, silicon, calcium, and 

potassium. SEM images show that barite has heterogeneous 

particles with irregular shapes and sharp edges, while the 

particles of Micromax additive are uniform with a spherical 

shape, which makes the abrasiveness of Micromax additive 

less than that of barite, Fig. 3. The barite sample has large 

particles, and the average particle size was 18 µm, while 

Micromax additive has fine particles with an average parti-

cle size of around 1.7 µm, Fig. 4. The fine uniform particles 

of Micromax additive result in a strong Brownian motion 

allowing the particles to create random collisions that con-

sequently reduce the gravity effect on the solid particles and 

enhance the sag performance of the drilling fluid (Wen et al. 

2009; Ma et al. 2019).

Sag tests

After preparing the fluid samples, using different ratios of 

barite and Micromax additive, the sag tendency of these 

samples was studied under static and dynamic conditions, 

Fig. 5. The base mud sample, 100 wt% barite, revealed a 

high sag tendency under both conditions with a dynamic 

sag factor (VSST) of 1.3 and a sag factor of around 0.6. The 

addition of Micromax additive improved the stability of the 

mud and reduced the sag factor and the VSST, and as the 

concentration of Micromax additive was increased, the sag 

factor reduced. Only 30 wt% of Micromax additive was suf-

ficient to bring the sag factor and VSST values to the accept-

able range, 0.5–0.53 and 0–1.0, respectively (Aldea et al. 

2001; Maxey 2007; Alabdullatif et al. 2015). Consequently, 

solids sag issue will not be encountered, and drilling with 

this fluid formulation would be safe.

Many factors contributed to the improvement in solids 

suspension capability when adding Micromax additive to 

the drilling fluid formulations. Firstly, the strong Brownian 

motion of the fine, spherical, and uniform particles of Micro-

max additive allows the solid particles to make random col-

lisions and reduces the gravity effect on the solid particles 

(Ma et al. 2019). Secondly, the particles of Micromax addi-

tive have a higher surface area-to-volume ratio compared 

to barite that makes the lift and drag forces greater than the 

cohesion and gravity forces (Boyou et al. 2019). Thirdly, 

Table 2  Elemental composition 
of weighting agents using XRF

Element Mass percent (%)

Barite Micromax

Ba 77.5 –

S 17.7 –

Mn – 99.2

K 0.6 0.2

Ca – 0.05

Al – 0.5

Si 2.8 0.05

Fe 1.4 –

Fig. 3  Morphology of the weighting agents using SEM: a Barite and b Micromax additive
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Micromax additive has a higher surface charge than barite, 

and as the surface charge increases, the stability of the col-

loidal system increases (Mohamed et al. 2019; Joseph and 

Singhvi 2019). Moreover, additional enhancement in the sag 

tendency will be observed in real cases because the high 

density of Micromax additive reduces the total amount of 

the weighting agent required to formulate a drilling fluid 

with the same weight of the base fluid, and thus, it reduces 

the solids loading in the drilling fluid.

Rheological and viscoelastic properties

The impact of Micromax additive on the rheological and 

viscoelastic properties of the fluid samples was investigated 

at 350 °F. The flow curves (shear stress vs. shear rate) of 

the drilling fluid samples are presented in Fig. 6. As shown 

in Fig.  6, all the drilling fluid samples behave as non-

Newtonian fluids and fit the Bingham plastic model with 

an R-squared of 0.98. As the concentration of Micromax 

additive increased, it resulted in higher shear stress values. 

Figure 7 shows that increasing the concentration of Micro-

max additive from 0 to 30 wt% increased the yield point 

Fig. 4  PSD of the weighting 
agents

Fig. 5  Effect of Micromax additive on sag tendency: a at static conditions, 350 °F, and b at dynamic conditions, 120 °F

Fig. 6  Flow curves for the drilling fluid samples (350 °F)
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of the drilling fluid from 14 to 30.2 lb/100 ft2 and slightly 

reduced the plastic viscosity from 25 to 17.3 cP. Conse-

quently, the increase in the yield point and the decrease in 

the plastic viscosity increased the YP/PV ratio from 0.56 

to 1.75. The YP/PV ratio is a very important parameter in 

drilling fluid design. It affects the drilling fluid performance 

and controls several drilling parameters such as mud stabil-

ity, hole cleaning, equivalent circulating density, and surge 

and swap pressures (Chilingarian et al. 1983; Power and 

Zamora 2003). The yield point indicates the drilling fluid’s 

ability to suspend the solid particles during circulation. The 

enhancement of yield point confirms the sag test results that 

adding Micromax additive improves the suspension capabil-

ity of the mud; however, increasing the YP/PV ratio more 

than required would result in mud coagulation (Chilingarian 

et al. 1983). Conversely, the drilling fluid with high plastic 

viscosity values requires more pumping pressure because of 

the additional frictional pressure; therefore, adding Micro-

max additive to barite-weighted fluids would result in less 

frictional pressure.

Moreover, adding Micromax additive improved the 

gel strength of barite-weighted fluids. The gel strength 

indicates the drilling fluid’s ability to suspend the solid 

particles when there is no circulation. For 0 and 15 wt% 

Micromax samples, the gel strength showed a slight 

increase with time while the drilling fluid sample with 

30 wt% Micromax exhibited a flat rheology behavior with 

a constant gel strength value with time (12  lb/100 ft2) 

indicating quick and more stable gel structure (Fig. 7b). 

Consequently, solid particles settlement is less likely to 

occur under that condition. Figure 8 compares the viscoe-

lastic properties of the drilling fluid samples. As shown 

in Fig. 8a, all the drilling fluid samples showed a linear 

viscoelastic range below 0.6% strain where the storage 

modulus (G′) was greater than the loss modulus (G′′); thus, 

the suspensions behave more like viscoelastic solids with a 

stable gel structure. Form Fig. 8b, increasing the concen-

tration of Micromax additive to 30 wt% resulted in higher 

ratios of G′/G′′’ than the other samples. This increase in 

G′/G′′ ratio indicates a stronger gel structure confirming 

the gel strength and sag test results (Bui et al. 2012).

Fig. 7  Effect of Micromax additive on a yield point and plastic viscosity and b gel strength (350 °F)

Fig. 8  Effect of Micromax additive on viscoelastic properties a amplitude sweep test and b frequency sweep test (350 °F)
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Density and electrical stability

The base fluid sample has a density of 20.4 ppg and electri-

cal stability of 1334 V. Adding Micromax additive to the 

base fluid sample increased the density of the drilling mud 

to reach up to 21.5 ppg with 30 wt% Micromax sample, 

Table 3. The increase in fluid density is attributed to the 

high density of Micromax additive (4.8 g/cm3) compared 

to that of barite (4.2–4.4 g/cm3); therefore, less solid con-

tent will be required to provide the same density (Caenn 

et al. 2011; Al-Muhailan et al. 2014; Mustapai 2011). Con-

versely, increasing the concentration of Micromax additive 

up to 30 wt% slightly decreased the electrical stability to 

1140 V because of the difference in electrical conductivity 

and surface charge, between Micromax additive and barite. 

This decrease is not significant because the electrical stabil-

ity is still far above the acceptable value in drilling practices, 

500 V (Van Zanten et al. 2012).

Filtration properties

The filtration performance of drilling fluid samples was stud-

ied at 350 °F and 500 psi. As shown in Fig. 9 and Table 3, 

adding Micromax additive enhanced the filtration per-

formance of the drilling fluid. When the concentration of 

Micromax additive was increased from 0 to 30 wt%, the total 

filtrate volume, filter cake thickness, and filter cake weight 

were reduced by approximately 50%. The filtrate volume 

was decreased from 2.6 to 1.2 cm3, the filter cake thick-

ness was decreased from 2.9 to 1.9 mm, and the filter cake 

weight was reduced from 32.4 to 14 g. The fine and uniform 

particles of Micromax additive improved the bridging effect 

of the solid particles resulting in a thinner and more packed 

filter cake, Fig. 10 (Ma et al. 2019). The less filtrate volume, 

filter cake weight, and filter cake thickness, the better the 

filtration performance, and the less damage caused to the 

drilled formation. Moreover, the thinner the filter cake, the 

less possibility of stuck pipe will be encountered during the 

drilling operation.

Table 3  Summary of the 
drilling fluid properties

Parameter 100 wt% Barite 15 wt% Micromax 30 wt% Micromax

Density (ppg) 20.4 21.3 21.5

Electrical stability (V) 1334 1250 1140

Yield point (lb/100 ft2) 14 25.4 30.2

Plastic viscosity (cP) 25 21.07 17.3

YP/PV 0.56 1.2 1.75

Gel strength 
(10 s/10 min/30 min), lb/100  ft2

7/8/10 8/8/11 12/12/12

Filtrate volume  (cm3) 2.6 2.1 1.2

Filter cake thickness (mm) 3.30 2.54 1.27

Filter cake weight (g) 32.3 26.53 14

Fig. 9  Effect of Micromax additive on the filtration performance of 
the drilling mud (350 °F)

Fig. 10  Formed filter cake: 
a 100 wt% barite, b 15 wt% 
Micromax and c 30 wt% Micro-
max (350 °F)
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Summary and conclusion

In summary, the addition of Micromax additive to barite-

weighted drilling fluid was found effective in reducing sag 

tendency at HPHT conditions. The addition of Micromax 

additive increased the fluid density and slightly reduced the 

electrical stability of the invert emulsion mud within the 

acceptable range. Micromax additive improved the rheologi-

cal, viscoelastic, and filtration properties of the drilling fluid. 

30 wt% Micromax increased the yield point by 115% and 

maintained the gel strength value at 12 lb/100 ft2, while it 

reduced the plastic viscosity by 30%. The filtrate volume, 

filter cake thickness, and filter cake weight were significantly 

reduced by 50%; thus, less formation damage from the fluid 

filtrate invasion is anticipated. 30 wt%, of the total weight-

ing agent, was found to be the optimum concentration of 

Micromax additive because it was enough to eliminate bar-

ite sag under dynamic and static conditions and yielded the 

optimum drilling fluid properties. With this fluid formula-

tion and testing conditions, adding more concentration is 

not required, and it would add additional cost to the drilling 

operations.
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