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Understanding the high temperature rheological characteristics of attapulgite suspensions is 
essential for addressing issues related to smooth rock support and wellbore stabilization during 
deep drilling in complex formations. Rheological measurements of attapulgite suspensions were 
carried out at temperatures of 40 °C, 70 °C, 100 °C, 160 °C, 190 °C, and 220 °C. The viscosity values 
obtained were analyzed to assess slurry forming behavior, and flow curves were fitted using Bingham, 
Herschel-Bulkley and Casson models. Additional experiments investigated different physicochemical 
conditions (clay addition 2–8 wt%; shear rate 5.11s− 1 to 1022s− 1; aging conditions; electrolyte (NaCl) 
concentration 5-35%) showed that there was a significant positive correlation between clay addition 
and suspension viscosity, but the temperature variations complicated the rheological responses. High 
shear rates allowed complete dispersion of attapulgite clay to form a suspension with stable viscosity. 
Aging positively influenced viscosity retention at high temperatures, despite some clay agglomeration. 
Sodium chloride and polymers significantly affected the high temperature rheological properties of the 
suspensions. The Bingham model effectively described the rheological properties of the suspensions 
above 190 °C. While attapulgite is recognized as a salt-resistant clay, our experimental results also 
demonstrate its significant temperature resistance when incorporated into drilling fluids.
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Abbreviations
HTHP	� High temperature and high pressure
ATP	� Attapulgite
T	� Temperature
AV	� Apparent viscosity, mPa s
η	� Plastic viscosity, mPa s
τ0	� Yield stress, Pa
K	� Coefficient of consistency, Pa sn

n	� Flow index, dimensionless
τ c	� Casson dynamic shear stress, Pa
η∞	� Casson ultimate viscosity, mPa s

Water-based drilling fluids typically consist of water,   clay, and functional treatment agents. The main clays 
used are bentonite, attapuligite (ATP), and sepiolite1–3.While these clay minerals that can disperse in water to 
form stable suspensions with specific viscosities, the mechanisms behind the gel structures of these suspensions 
differ significantly due to their unique structures, particle sizes, and shapes4,5. In swelling clay minerals like 
montmorillonite, the net negative charge from isomorphic substitution is balanced by exchangeable cations in 
the interlayer. The hydration of these interlayer cations causes swelling and separation of clay layers, including 
the movement of water molecules and the rheological properties of the swelling clays. Consequently, the swelling 
potential and colloidal behaviour (particle–particle interaction) in these clay minerals are determined by the layer 
composition, layer charge, and the nature of the exchangeable interlayer cation6–8. However, montmorillonite-
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based bentonite is highly sensitive to temperature and salinity due to its clay diffusion bilayer, leading to a decline 
in slurry-making performance at high temperatures or high salinities9–11.

Attapulgite is an aqueous magnesium-rich aluminum silicate clay with a laminated chain transition 
structure, characterized by the chemical formula [Si8O20(Mg, Al, Fe)5(OH)2(OH2)4-2H2O] and crystalline, rod-
like fibers12–14. The tiny lamellar chain-like structure contributes to the clay’s fibrous shape and macroscopic 
appearance, with pores aligned along the fiber growth direction15. Compare to bentonite, attapuligte, with its 
fibrous structure, exhibits effective slurry forming in saline environments due to its lack of structural charges 
and the minimal charges generated by hydrolysis of broken bonds on its surface16. This lead to a reduced 
electrostatic repulsive force between colloidal clay particles in water, which is significantly weaker than the Van 
der Waals Force. Consequently, attapulgite is mainly used in brine slurry formulations17. When preparing an 
attapulgite clay suspension, it is essential to mechanically break down the fibre bundles into individual rods. This 
disintegration allows them to disperse in water and then overlap each other to form a three-dimensional mesh 
structure while binding some free water, which increases the viscosity of the suspension18.

Several studies have explored methods to improve the slurry-forming ability of attapulgite through chemical 
modification, freeze-thaw treatment, ultrasonic processing, and high pressure homogenization19–21. These studies 
show that factors such as addition amount, fiber length to diameter ratio, pH, and electrolyte concentration 
significantly influence the rheological properties of attapulgite suspensions22–27. Antosik et al.28 concluded that 
the viscosity response to shear flow depends on the flocculation state of the attapulgite suspension. Zhou et al.29. 
found that magnesium oxide impacted the rheological behavior of palygorskite suspension by allowing Mg2+ 
entered the channels of clay mineral particles, which lead to a shrinkage of the electrical double layer.

The rheological properties of high-temperature drilling fluids made from attapulgite have been extensively 
studied because of their exceptional resistance to salt and temperature30–32. Leroy et al.33 analyzed the high-
temperature rheological characteristics of drilling fluids formulated with bentonite and attapulgite clay. Their 
findings indicated that bentonite experienced a gelling issue at high temperatures, which was somewhat mitigated 
but not completely resolved by using a viscosity reducer. In contrast, attapulgite suspensions maintained 
favorable rheological properties at high temperatures34. However, since drilling fluids are highly customized, 
their rheological behavior under high temperature and high pressure (HTHP) conditions may vary based on the 
base slurry, additives, solid content, and other factors. Understanding the influence and mechanisms affecting 
the rheological properties of attapulgite clay under high temperatures is essential for developing effective, high-
temperature-resistant drilling fluids.

This paper employs a HTHP rheometer to investigate the high temperature rheological characteristics of 
attapulgite suspension under different conditions, including clay addition, shear, aging, electrolyte, and polymer, 
to clarify the patterns of high temperature rheology, providing valuable theoretical insights for the development, 
application, and maintenance of high temperature water-based drilling fluids.

Materials and methods
Attapulgite used
Mineralogical composition
The attapulgite clay samples tested were ATP-1, ATP-2 and ATP-3, sourced from several prominent suppliers 
in China, including Hebei Lingshou County Shuanglong Mining Co., Ltd., Changzhou Dingbang Mineral 
Technology Co. Ltd., and Anhui Mingguang Guoxing Attapulgite Co., Ltd. Table 1 illustrates the mineralogical 
composition analyzed by X-ray diffraction (XRD). Regarding mineral composition, ATP-1 was classified as 
montmorillonite-attapulgite clay, ATP-2 as attapulgite clay, and ATP-3 as dolomite-attapulgite clay.

Slurry forming performance comparison
As a clay in drilling fluid, its slurry-making performance is the most important characteristic. In the experiment, 
400 mL of deionized water was used, the pH was altered with NaOH, and the ionic strength was modified with 
NaCl to make an aqueous solution (NaCl and NaOH, analytical grade, from Sinopharm Chemical Reagent Co. 
Ltd.). Gradually, 16  g of 200 mesh sieved clay was added while stirring. The mixture was then blended at a 
rotational speed of 12,000 r/min for 20 min at room temperature using a GJ-S high speed mixer. The apparent 
viscosity of the resulting suspension was determined by a ZNN-D6 six speed rotational viscometer, and the 
result is shown in Fig. 1.

According to the API Recommended Practice “Recommended Practice for Field Testing Water-based 
Drilling Fluids”35 and GB/TT41741-2022 “Attapuligite Clay Grading Test Methods”, attupuligite is assessed for 
its colloidal stability in saturated brine, measured by viscosity retention. This retention is calculated as the ratio 
of the difference in viscosity before and after treatment to the viscosity of the original slurry solution.

The slurry forming behavior of the attapulgite clays in fresh water and saturated brine was significantly 
different. The viscosities in fresh water were generally higher than those in brine. Figure  1 shows that the 
viscosities of ATP-1,ATP-2 and ATP-3 in brine decreased by 54.5%, 30.5% and 30.7%, respectively, compared to 

Sample Montmorillonite Attapulgite Gypsum Quartz Feldspar Calcite Dolomite

ATP-1 28 41 22 5 1 3

ATP-2 18 43 20 14 5

ATP-3 6 41 5 23 10 15

Table 1.  Mineral composition of attapulgite by XRD.
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freshwater, which is attributed to the different salt sensitivity of the impurities within the attapuligite. Given the 
low viscosity values, ATP-2 was selected for further testing based on the idea that higher viscosity would be more 
favorable for experimental observation.

Surface morphology
A small piece of freshly flattened attapulgite clay was taken, fixed to the carrier stage with graphite conductive 
adhesive, sprayed with gold and examined under a scanning electron microscope, model S4800. The scanning 
electron microscope images of ATP-2 are shown in Fig.  2. As can be seen in Fig.  2, the morphology of the 
attapulgite crystals is more complex, with an overall blocky structure, obvious laminar bands on the sides, the 
fiber rod bundles are of different lengths and all have relatively large diameters. The attapulgite crystals are well 
crystallized and vary in length from a few microns to tens of microns. Although the crystals are aggregated 
together, the size of the aggregates is small, indicating that the aggregation force between the attapulgite is not 
strong.

Chemical materials and polymer
The main materials used in the test were NaCl and NaOH, analytical grade, from Sinopharm Chemical Reagent 
Co. Ltd.

Driscal-D, produced by Chevron Phillips Chemicals Co. Ltd, is a high temperature-resistance polymer 
characterized by carbon-sulfur (C-S) and/or carbon-nitrogen (C-N) single bonds in its side chain. It features 
functional groups such as sulfonic acid (-SO₃H), amide (-CONH-), and hydroxyl (-OH). The molecular 
structure may include a five-membered ring, although its specific chemical formula remains undisclosed, with a 
molecular weight of approximately 3.6*105. This free-flowing white powder is recommended for ultra-deep wells 
with temperatures exceeding 180 °C. It effectively reduces filtration loss under high temperature and pressure 

Fig. 2.  Electron microscope photographs of attapulgite clay.

 

Fig. 1.  Comparison of slurry forming properties of different attapulgite (room temperature).
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while inhibiting the hydration and dispersion of mud shale. However, the dosage must be strictly limited to less 
than 1.5% to avoid excessive thickening of the drilling fluid.

Experimental methods
Sample preparation
ATP suspension: The same process used in the slurry forming performance test (Sect.  2.1.2) was applied to 
formulate the attapulgite slurry. The addition amount of attapulgite was accurately measured based on the 
experimental requirements.

ATP-polymer mixture: a given mass of polymer was added to the ATP suspension and stirred at 12,000 r/min 
for another 20 min to set it aside.

High temperature aging test
The suspensions samples to be tested were transferred to an aging kettle, sealed and placed in an XGRL-4 A high 
temperature rolling heating furnace, and aged for 16 h at 70 ℃, 100 ℃, 130 ℃, 170 ℃ and 190 ℃ to simulate 
downhole thermal history. After cooling to room temperature, the samples to be tested were transferred to a 
stirring cup, and then stirred at 12 000 r/min for 20 min for preparation.

High temperature rheological property test
The basic principle of high temperature and high pressure (HTHP) rheological testing is to apply additional 
pressure and temperature to a fluid sample, and under constant conditions, the apparatus is driven by an electric 
motor to generate a shear rate on the sample, and at the same time measure the resistance of the sample to 
respond, namely the shear stress, and calculate the viscosity of the sample(shear stress/shear rate. The HTHP 
rheological tests reflect the rheological characteristics of fluids as they circulate through a borehole. Numerous 
previous studies have shown that pressure has little effect on the rheological properties of fluids, particularly in 
water-based drilling fluid systems, so the test pressure was kept constant(1000 psi) throughout the experiment.

With the Fanns 50SL HTHP rheometer, the experimental law of the rheological characteristic with variables 
(concentrations, temperature, salt, and polymer) of ATP was investigated. The test samples were first pre-sheared 
at 12,000 rpm for 20 min in a slurry cup. Subsequently, dynamic shear tests were conducted at temperatures of 
40 °C, 70 °C, 100 °C, 130 °C, 160 °C, and 190 °C, with a temperature increase rate of 3–10 °C/min. Viscosity 
values were sequentially measured at shear rates of 1022 s−1, 511 s−1, 340.7 s−1, 170.3 s−1, 10.22 s−1, and 5.11 s−1 
during these tests. When the temperature reaches each test point, the rheometer holds that temperature for 
approximately 6 min to collect 1 min of viscosity data at each shear rate, with a sampling frequency of 2 s. The 
mean of the resulting data is taken as the shear viscosity value.

Please note that all slurries are pre-sheared for 20 min at 12,000 r/min prior to viscosity testing with the high-
temperature rheometer (Fanns 50SL).

Fitting of rheological models
The shear rate-shear stress data were fitted using one dimensional linear regression and least squares methods. 
This paper employs three rheological models36.

Bingham model gives two parameters: yield stress ( τ0) and plastic viscosity ( η), represented by the equation 
τ = τ0 + ηγ̇‌. The ‌Herschel-Bulkley model‌ requires three parameters: yield stress ( τ0), the consistency 
coefficient (K), and the flow index (n), described by the equation τ = τ0 + Kγ̇n. The ‌Casson model‌ produced 
two parameters: Casson dynamic shear ( τ c) and the Casson ultimate viscosity( η∞), expressed by the equation 
τ1/2 = τ

1/2
c + η

1/2
∞ γ̇1/2. All models effectively characterize non-Newtonian fluids, despite varying parametric 

complexities.

Results and discussions
Effect of shear on the viscosity of ATP suspensions
As shear rate and shear time determine shear conditions together, the effect of these conditions on the rheological 
properties of ATP suspensions was examined by both factors.

Shear rate
The 4 wt% attapulgite (ATP) suspension was first sheared at 4000 r/min, 8000 r/min, and 12,000 r/min for 
20 min in a high-speed mixer. The rheological properties at a high shear rate of 1022 s−1 were measured at room 
temperature using the ZNN-6D six-speed rotational viscometer, the viscosity values obtained under different 
shear conditions were compared, as shown in Fig. 3a.

Figure 3a shows that both shear time and shear rate have a significant effect on viscosity, with shear strength 
having a more pronounced effect. At a high shear rate of 12,000 r/min, the slurry formation process was 
essentially complete in about 6  min, resulting in a viscosity of about 20 mPa·s, whereas at 4000 r/min, the 
viscosity continued to increase with shear time up to 18 min, peaking at about 7.5 mPa s. This observation 
suggests that at low shear rates it is difficult for attapulgite to achieve complete slurry formation, even with 
extended shear time, whereas at high shear rates, the maximum viscosity can be achieved rapidly.

The reason for this is that under high shear, clay crystals overcome the electrostatic forces between fibers, 
allowing fiber bundles or laminated aggregates to separate into individual fibers. In addition, only high shear 
can break up tightly bonded attapulgite rod crystal bundles and disperse them effectively for slurry formation. 
Therefore, simply increasing the shear time cannot compensate for the low viscosity caused by insufficient shear 
strength.
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Shear time
The viscosity values obtained under different shear time were compared, illustrated in Fig. 3b. Since attapulgite 
can be dispersed and pulping in a high-speed shear environment, a preliminary shear treatment of 20 min at 
12,000 r/min was essential.

Furthermore, the 2wt%, 4wt%, 6wt% and 8wt% ATP suspensions were sheared at 12,000 r/min for 20 min 
and 40 min, respectively, to assess the effect of shear time on their rheological properties. The viscosity values 
were measured at different shear times, with results presented in Fig. 3b.

At low concentrations (2 wt% and 4 wt% ATP), the viscosity of the suspensions did not increase when shear 
time was extended from 20 min to 40 min, indicating that 20 min is sufficient for adequate slurrying of attapulgite 
clay. However, at higher concentrations(6 wt% and 8 wt%), the viscosities showed a slight increase with longer 
shear times, suggesting that complete ATP dissociation becomes more challenging at these levels. To achieve 
fully pulping, an appropriate extension of shear time is necessary due to the increased concentration, which leads 
to more rod crystal bundles dissociating and a stronger reticulation structure formed by intertwining fibers. This 
results in a higher viscosity of the suspension.Nevertheless, at higher concentrations, once a high-viscosity slurry 
is formed, the mixer’s capacity is limited, making it difficult to transfer the shear force from the mixing blades to 
the slurry’s periphery. Consequently, some attapulgite clay may not fully dissociate under shear, indicating that 
powerful shear equipment is essential for preparing clay suspensions on-site37,38。.

Effect of clay addition on the high temperature rheological signature of ATP suspensions
Room temperature rheological properties of ATP suspensions
The ATP suspensions at concentrations of 2wt%, 4wt%, 6wt%, and 8wt% were prepared by mixing with fresh 
water at 12,000 r/min for 20  min. The viscosities were measured using the ZNN-6D six-speed rotational 
viscometer, as illustrated in Fig. 4a. These viscosity readings were then converted into shear stresses at various 
shear rates, resulting in the curvilinear relationship depicted in Fig. 4b.

From Fig. 4a, the viscosity values increased by 1.5, 3.75, and 8 times as the concentration increased from 2 
wt% to 4 wt%, 6 wt%, and 8 wt%. The significant increase in viscosity is due to the higher attapulgite clay content. 
The increase in clay increases the concentration of crystalline fibre bundles within the same volume, and also 
increases the molecular weight of the bound water and enhances the potential for structural forces to develop 
though fiber entanglement, ultimately leading to an overall increase in viscosity.

The shear rate versus shear stress curves obtained (Fig. 4b) were fitted to the Bingham, Herschel-Bulkly and 
Casson models, as displayed in Table 2. The Power law model was excluded from fitting due to the presence 
of structural forces in the clay suspension, which would contradict established knowledge. For the Bingham 
and Casson models, the fitting results showed that the higher additions resulted in larger residuals, reflecting 
a decreasing trend in fit quality. In contrast, the Herschel-Bulkly model exhibited smaller residuals and the 
correlation coefficients above 0.995, suggesting that the ATP suspension behaves more like a Herschel-Bulkly 
fluid at room temperature.

Consequently, three parameters—yield stress ( τ0), coefficient of consistency ( K) and flow index (n)—were 
analyzed to evaluate the impact of concentration on the rheological properties of the ATP suspensions at room 
temperature, as show in Fig.  4c. The K value characterizes the fluid’s viscous resistance during flow. As clay 
addition increases, the number of rod-like particles in the suspension rises, forming a denser mesh structure due 

Fig. 3.  Influence of shear conditions on viscosity of ATP suspension.
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to van der Waals forces, electrostatic interactions, or hydrogen bonding. This enhances the fluid’s resistance to 
shear deformation, resulting in greater viscous resistance and an increase in the K value. This τ0 value reflects the 
structural strength of the solid phase in the suspension, indicating that the attapulgite fibers have a strong ability 
to lap together and create a cohesive structure. Decreasing values of n (approaching 0) suggests that the fluid is 
deviating from Newtonian properties. At low shear rates, the mesh structure formed by the particles remains 
intact with a high concentration of attapulgite clay. However, at high shear rates, this structure is disrupted and 
aligns with the flow direction, leading to a sharp decrease in viscosity.

High temperature rheological properties of ATP suspensions
The high temperature rheological properties of the ATP suspension at concentrations of 2wt%, 4 wt%, 6 wt% and 
8 wt% were tested to examine the variation in viscosity with temperature at a shear rate of 1022 s− 1, as illustrated 
in Fig. 6. All suspension were pre-sheared at 12,000 r/min for 20 min.

In Fig. 5, the viscosity of the ATP suspensions at different concentrations exhibited a decreasing trend with 
increasing temperature. At a constant test temperature, higher clay concentrations correlated with increased 
viscosity values, mirroring the behavior observed at room temperature. In particular, the absolute decreases in 
viscosity between adjacent temperature points was significant. Within the 160 °C range, the viscosity decreased 
approximately linearly, but beyond this threshold, the decrease became less pronounced at lower concentrations. 
Specially, at 220 °C, the viscosity reductions for 4 wt%, 6 wt% and 8 wt% ATP suspensions were 92%, 88% and 
72%, respectively, when compared to the initial temperature of 40 °C.

Increasing the test temperature increases the thermal motion of the water molecules. This change reduces 
the intermolecular forces between water molecules, and improves the desorption between water molecules and 
attapulgite, contributing to an overall reduction in viscosity39. Other viscosity values at different shear rates with 
temperature exhibited similar patterns and are not repeated here.

High temperature rheological model fitting for ATP suspensions
The rheological properties of the 8 wt% ATP suspension varied significantly across the tested temperatures, as 
shown in Fig. 6. Within the range of 220 °C, the viscosity of the suspension generally decreased with increasing 
temperature, although there was a notable decline in fit quality above 160 °C. At both 190 °C and 220 °C, the 
viscosity also decreased with increasing temperature. Interestingly, shear stress remained relatively constant at 
low shear rates. To compare the rheology of ATP suspensions at different temperatures, different rheological 
expressions were obtained by fitting the shear rate and shear stress data at different temperature points, and the 
correlation coefficients for the different rheological models, as illustrated in Table 3.

As shown in Table  3, at temperatures below 160  °C, the Herschel-Bulkley model consistently achieved 
correlation coefficients above 0.95, demonstrating the best fit, followed by the Casson model and the Bingham 
model. Conversely, at temperatures above 160 °C, both the Herschel-Bulkley and Casson models experienced a 

Concentration

Bingham Herschel bulkly Casson

R2 Residual sum of squares R2 Residual sum of squares R2 Residual sum of squares

2wt% 0.95497 0.33172 0.99554 0.03283 0.92761 0.41583

4wt% 0.89997 4.84078 0.99696 0.14714 0.78041 7.65306

6wt% 0.82137 26.74301 0.99979 0.0313 0.70146 35.13118

8wt% 0.78248 73.61013 0.99698 1.02117 0.69608 116.74364

Table 2.  Fitting parameters of three rheological models fitted at room temperature.

 

Fig. 4.  Variation of rheological parameters of ATP suspension with attapulgite addition.
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significant drop in correlation coefficients, resulting in a marked decrease in fit accuracy. In this condition, the 
Bingham model exhibited superior fitting performance.

According to Bingham model, both plastic viscosity (η) and yield stress ( τ0) decreased with increasing 
temperature. When the temperature increased from 40 °C to 220 °C, the reduction rates were 85% and 91%, 
respectively. This indicates that high temperatures significantly affect the rheological properties of ATP 
suspensions.

An interesting observation during the experiment was noted at the end of the test: while cleaning the outer 
cylinder of the rheometer, significant changes in the properties of the ATP suspension was observed, displayed by 
interlayer slip during pouring. This phenomenon indicates that the unique rheological properties of attapulgite 
clay result in minimal changes in shear force at low shear rates at higher temperatures. The Bingham model 
effectively utilizes the rheological parameters at high shear rates during the fitting process, leading to a better 
fit. This lays the groundwork for further investigation into the high-temperature rheological properties of ATP 
suspensions using the parameters from the Bingham model.

Effect of aging on the high temperature rheological properties of ATP suspensions
The aging test simulates the subsurface temperature changes that occur as drilling fluid circulates through the 
borehole. The fluid enters from the wellhead pipe and gradually warms and undergoes a prolonged heating 
process. It then cools as it flows to the the surface before returning to the well. The performance evaluation after 
the aging test provides valuable insights into the conditions of drilling fluid in the field.

Fig. 6.  Shear stress versus shear rate of 8 wt% ATP suspension at different temperatures.

 

Fig. 5.  Viscosity of ATP suspensions with different attapulgite additions as a function of temperature.
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The 8 wt% ATP suspensions samples were aged for 16 h at temperatures of 100 °C, 130 °C, 160 °C, 190 °C 
and 220 °C. And then, the aged suspensions were pre-sheared for 20 min at 12,000 r/min then subjected to the 
HTHP rheological test to obtain the viscosity value at 40 °C and 220 °C as shown in Fig. 7. Thermal stability was 
assessed by comparing the changes in rheological properties before and after aging.

The results show that when the aged ATP suspensions were subjected to the HTHP rheological test, the 
viscosity values at 40  °C decreased compared to the pre-aging, and this decrease in viscosity became more 
pronounced at higher hot rolling temperatures. In contrast, at the HTHP rheological test temperature of 220 °C, a 
significantly different behavior was observed compared to 40 °C. Figure 7b illustrates an increase in the viscosity 
of the aged ATP suspensions compared to the suspensions before aging, for the suspensions aged at 160–190 °C, 
the viscosity peaked at 220 °C of the HTHP rheological test.

This phenomenon suggests that it is misleading to claim that the viscosity of the aged clay suspension is 
significantly reduced based solely on room temperature viscosity measurements before and after aging. In fact, 
the viscosity of the aged clay suspension at higher temperatures shows an increase compared to that before 
aging. This implies that the temperature aging has a beneficial effect on the viscosity retention of attapulgite clay 
at high temperatures, but the mechanism behind this beneficial effect remains unclear. At present, it can only 
be assumed that high temperature aging process affects the internal structure of the attapulgite clay, and this 
experimental phenomenon warrants careful consideration in the formulation of high temperature drilling fluids 
at temperatures above 220℃.

The rheological parameters of ATP suspensions aged at different temperatures were fitted, specifically at 
190 °C (as data at 220 °C was poorly fitted), using the Bingham model, as shown in the Table 4. The results 
revealed that the plastic viscosity of the ATP suspension increased by 13.8–51.7%, while the dynamic shear force 
rose significantly by 267.6–708.8%. This suggests that aging positively influences the viscosity retention of the 
ATP suspension at high temperatures, particularly regarding dynamic shear.

Effect of NaCl on the high temperature rheological properties of ATP suspensions
400 mL of saline solution containing NaCl were prepared with concentrations of 5 wt%, 15 wt% and 35 wt%, 
respectively, and 32 g of attapulgite powder was slowly added to the saline while stirring at 12,000 r/min for 

T (℃) η (mPa·s) τ0  (Pa) R2 Δ η Δ τ0

40 11.6 0.68 0.9528 - -

100 13.2 4.0 0.9095 13.8% 488.2%

130 13.7 5.5 0.8664 18.1% 708.8%

160 17.6 4.5 0.8758 51.7% 561.7%

190 16.1 2.5 0.9669 38.8% 267.6%

Table 4.  Effect of aging temperature on rheological parameters of the Bingham model.

 

Fig. 7.  Viscosity of ATP suspensions after aging at different temperatures.
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20 min. Subsequently, them were placed into the Fanns 50SL HTHP rheometer to test their rheological properties 
at different temperatures, and the results are shown in the Fig. 8.

The Fig. 8 showed that at 40 ℃, the shear stress of the ATP suspension in a brine environment at high shear 
rates was lower than that in freshwater. As salt content increased, shear stress decreased at the same shear rate. At 
70 ℃, the rheological curves of the brine and freshwater suspensions intersected. At high shear rates, the shear 
stress of the brine was lower, while at low shear rates, it was higher. As temperature increased, the intersection 
point of the curves shifted to the right. Between 100 and 130 ℃, the shear stress of the ATP suspension with 5 
wt% NaCl at high shear rates was similar to that of the freshwater suspension. Above 130 ℃, the shear stress of 
some brine suspensions surpassed that of the freshwater slurry, with a more significant difference at low shear 
rates.

Overall, the effect of NaCl concentration on the shear stress of the ATP suspension exhibited an increasing 
trend followed by a decrease, peaking at approximately 5 wt%. For shear stress at a high shear rate, an increase 
in temperature leads to a gradual decrease in the difference in shear stresses between the freshwater and brine 
slurries. When the temperature exceeded 130℃, the shear stress of the brine slurry surpassed that of the 

Fig. 8.  Rheological diagrams of 8wt%ATP suspensions with different NaCl concentration.
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freshwater slurry, and this difference became more pronounced with an increase in temperature. For low shear 
rates, the shear stress of the freshwater slurry was lower than that of the brine slurry at temperatures above 70 
℃, with this disparity becoming more obvious as temperature increased. This highlights the significant impact 
of salt on the high-temperature rheology of clay, particularly its viscosity at low shear rates. The presence of salt 
slows the increase in viscosity with temperature and enhances the stability of clay viscosity at high temperatures.

To further clarify the specific influence of NaCl on the high temperature rheological parameters of the 
ATP suspensions, a comparison was made between the ATP suspension before and after the addition of 5 wt% 
NaCl at different temperatures, as shown in Table 5. The results show that as the test temperature increased, 
the rheological parameters of the ATP suspension exhibited a decreasing trend, with the saline environment 
showing a slower rate of decrease. Specifically, the η values of the freshwater suspension were higher than those 
of the brine at temperatures below 190 ℃, while at 190 ℃, the two were relatively similar. However, at 220 ℃, 
the η value in the freshwater decreased to about 30% of the brine’s. Throughout the test temperature range of 220 
℃, the τ0 values of the brine suspension consistently maintained higher compared to the freshwater suspension, 
in particular, reaching approximately 3.35 times higher at 220 ℃.

Effect of polymer on the high-temperature rheological properties of ATP suspension
Figure 9 illustrates how viscosity changes in ATP suspensions at high (1022s− 1) and low(5.11s− 1) shear rates with 
different polymer additions.All the blend were pre-sheared for 20 min at 12,000 r/min.

After adding the polymer, the overall viscosity initially decreased and then increased with increasing 
temperature (Fig. 9). At a high shear rate of 1022 s− 1, the viscosity dropped with polymer addition within a specific 
temperature range, although it remained lower than that of the slurry without polymer. Once the temperature 
reached certain thresholds–around 210 °C, 190 °C, and 90 °C for three different polymer concentrations–the 
viscosity of the polymer-added samples exceeded that of the blank samples. This indicates that while the polymer 
initially reduces the slurry viscosity, it ultimately slows the decrease in viscosity as temperature increases. A 

Fig. 9.  Effect of polymer on the viscosity of ATP suspensions.

 

T (℃)

Fresh water 5% NaCl

η (mPa·s) τ0  (Pa) R2
η
(mPa·s)

τ0
(Pa) R2

40 27.4 15.5 0.8723 20.5 14.7 0.9207

70 27.0 12.6 0.8471 17.9 15.2 0.9339

100 25.2 8.0 0.8736 16.2 14.4 0.9169

130 21.2 6.2 0.8676 13.9 12.1 0.8629

160 17.3 4,2 0.9346 14.1 8.2 0.8304

190 11.3 1.1 0.9507 12.0 6.6 0.8116

220 4.0 1.37 0.8674 12.8 4.6 0.8888

Table 5.  Rheological parameters of freshwater versus saline ATP suspensions.
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similar trend was observed at a low shear rate of 5.11 s− 1, with critical temperatures for the 0.2 wt% and 0.4 wt% 
polymer concentrations at approximately 50 °C and 70 °C, respectively. Beyond these points, the viscosity of the 
polymer-containing slurry surpassed that of the blank sample, and for the 0.6 wt% concentration, the viscosity 
remained higher than that of the blank throughout the test.

The total viscosity of the ATP suspension is mainly influenced by the structural forces between the rod 
crystal bundles. When a small amount of polymer is added, it forms an adsorption layer around these bundles, 
thickening the hydration film and enhancing their negative charge40. This weakens the interaction between the 
rod crystal bundles, resulting in a decrease in viscosity. Conversely, adding more polymer increases the viscosity 
of the liquid phase of the suspension by enhancing the entanglement and interaction among the polymer chains, 
resulting in an overall increase in slurry viscosity. Thus, the impact of polymer addition on the viscosity of the 
ATP suspensions can be described as a “sensitization”effect.

The shear rate-shear force of the 8 wt% ATP suspension containing 0.4wt% Driscal-D at different temperatures 
was analyzed using the Bingham model, with results presented in Table  6. The results indicate that plastic 
viscosity( η) and dynamic shear force( τ0) initially decrease and then increase with increasing temperature. This 
suggests that the polymer effectively enhances the viscosity retention of the ATP slurry at high temperatures, 
creating favorable conditions for formulating attapulgite-based high temperature drilling fluids.

Conclusions

	1.	 At a shear rate of 1022 s−1, the viscosities of ATP suspensions with different clay additions decreased as the 
test temperature increased. The Casson and Herschel-Bulkley models more accurately described the rheo-
logical properties of ATP suspensions, with correlation coefficients of at least 0.95 across a temperature range 
of 160 °C. However, the Bingham model is more appropriate for the entire temperature range.

	2.	 When tested for high temperature rheology, the viscosity of aged attapulgite suspension exhibited signifi-
cant variations with temperature. At 40 °C, the viscosity values fell below those observed before hot rolling. 
However, at 220 °C, the viscosity of the aged ATP suspensions was lower than that of the pre-rolled samples. 
This indicates that concluding that the viscosity of aged clay suspensions is significantly lower based solely 
on low-temperature comparisons can be misleading. Therefore, the impact of proper aging on the high-tem-
perature rheological properties of ATP suspensions must be considered when formulating drilling fluids for 
temperatures above 220 °C.

	3.	 Compared to fresh water, the sensitivity of the viscosity of the ATP suspension to temperature changes de-
creased in a saline environment. With salt concentration concentration increased, the high temperature vis-
cosity of ATP suspension showed a significant decline, but the viscosity began to rebound at 190 °C and 
160 °C, respectively, with a marked increase occurring after 190 °C. The introduction of NaCl (5 wt%) proves 
effective in maintaining the viscosity of the ATP suspension at high temperatures, even in saturated brine 
solutions, above 190℃.

	4.	 After adding the polymer, the viscosity of ATP suspensions initially decreased and then increased with rising 
temperature, at both high and low shear rates. This behavior is primarily due to the interaction between the 
polymer and the textured clay. Thus, the impact of the polymer on the high-temperature rheology of ATP 
suspensions should be important.

Data availability
All data can be requested from the corresponding author.
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