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ABSTRACT

Acrylamide-based polymers have been widely applied in drilling fluids due to their excellent water
solubility, structural tunability, and adaptability to various fluid systems. However, under high-
temperature downhole conditions, these polymers are prone to molecular chain degradation, confor-
mational collapse, and reduced adsorption capacity, resulting in a significant decline in rheological
control and filtration loss performance. These limitations severely restrict their application in high-
temperature wells. Enhancing the structural stability and functional durability of polymers under
elevated temperatures has become a critical challenge in the development of high-performance drilling
fluid materials. Isoprenol polyoxyethylene ether (TPEG) has been demonstrated to improve the thermal
resistance of acrylamide-based polymers. Nevertheless, incorporating TPEG into polymer chains con-
tradicts the conventional design paradigm that seeks to eliminate thermally labile structures in high-
temperature-resistant polymers. Therefore, elucidating the microscopic mechanisms by which TPEG
modulates polymer chain evolution, conformational behavior, thermal degradation pathways, and
adsorption characteristics at elevated temperatures is essential to understanding its synergistic effect. In
this study, isoprenol polyoxyethylene ether (the most commonly used type with a molecular weight of
2400 was chosen, TPEG-2400) was introduced into a DMAA/AMPS acrylamide-based copolymer system
and systematically compared with conventional DMAA/AMPS binary copolymers. The incorporation of
TPEG-2400 significantly enhanced the thermal conformational stability and clay adsorption capacity of
the polymer, enabling the drilling fluid to retain favorable rheological and filtration properties even after
aging at 220 °C. The mechanism of action was elucidated by correlating changes in the physicochemical
properties of the polymer with the analysis of its thermal degradation products. The highly flexible
polyether structure was found to hinder interchain entanglement and coiling, while the strongly hy-
drophilic polyether segments formed a robust hydration layer, increasing electrostatic repulsion be-
tween clay particles. Moreover, the polyether chains may exhibit a “self-sacrificing” behavior under
high-temperature conditions, preferentially decomposing to protect key functional groups such as
amide moieties from thermal damage. This cooperative effect, from both conformational and thermo-
dynamic perspectives, contributes to delaying polymer failure. It is concluded that the functional
behavior of the segment structure plays a more significant role than its intrinsic thermal stability in
enhancing the effective operating temperature of acrylamide-based polymers in drilling fluids. This
counterintuitive yet strategically effective approach—introducing structurally specific but thermally less
stable segments to achieve performance enhancement—offers a novel design perspective for future
development of high-temperature-resistant polymer additives in drilling fluids.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

In oil and gas drilling operations, drilling fluids play multiple
critical roles, including cuttings transport, bit cooling, borehole
stabilization, and formation pressure control (Balaga and Kulkarni,
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2022). To meet the increasingly complex demands of deep wells
and ultra-deep wells, the composition of drilling fluids has been
continuously refined and optimized (Song et al., 2023). As essen-
tial modifiers within drilling fluid systems, polymer additives are
extensively employed to regulate rheology and control fluid loss
(Davoodi et al., 2024). Among them, acrylamide-based polymers
have gained wide application in high-temperature freshwater,
brine, and high-density drilling fluids due to their excellent water
solubility, structural designability, and strong adaptability
(Gautam et al., 2022). However, acrylamide-based polymers suffer
from insufficient structural stability under high-temperature
conditions. Their backbones and side chains are susceptible to
thermal degradation, coiling, or desorption, leading to molecular
weight reduction, conformational changes, and a consequent
decline in viscosity and filtration control capabilities (Li et al.,
2024). Enhancing the structural stability and functional dura-
bility of these polymers under elevated temperatures has become
a technical challenge and research focus in the development of
high-performance drilling fluids. In recent years, researchers have
attempted to improve the thermal resistance of polymers from the
perspective of molecular design by introducing monomers bearing
steric hindrance or functional groups, thereby constructing
copolymer segment structures with special conformational or
interfacial interaction capabilities (Noor et al., 2025).

Isoprenol polyoxyethylene ether (TPEG) is a nonionic poly-
ether monomer featuring a hydrophobic allyl alcohol group and
hydrophilic polyether chains. It possesses intrinsic molecular
weight and exhibits excellent water solubility and dispersion
stability. In the materials industry, the most commonly used
variant is TPEG-2400, which has a molecular weight of 2400
and is widely utilized in the synthesis of polycarboxylate
superplasticizers. As one of the most prevalent monomers for
water reducers, TPEG-2400 enhances the dispersion and fluidity
of cement/concrete systems by forming a stable steric hindrance
layer through its flexible polyether side chains adsorbed onto
cement particle surfaces, thereby suppressing flocculation and
aggregation (Zuo et al., 2017). Owing to its outstanding dis-
persibility and adsorption performance, TPEG-2400 has recently
been introduced into the development of polymer additives for
drilling fluids (Sun et al., 2024b). Its polyether structure offers
high hydrophilicity and chain flexibility, which theoretically
enhances the conformational stability of the polymer in
aqueous environments while forming stable adsorption layers
on clay particles such as bentonite (Zhang et al., 2020), thus
improving the rheological behavior and filter cake quality of the
drilling fluid (Sun et al, 2021). Yang J. et al. (2023, 2024)
incorporated TPEG into acrylamide-based copolymers to syn-
thesize a comb-shaped polymer fluid loss reducer with thermal
resistance up to 220 °C (Yang J. et al., 2024) and a comb-shaped
polymer/nano-lithium saponite composite rheology regulator
with thermal resistance up to 240 °C (Yang ]. et al., 2023). Liu L.
M. et al. (2022a, 2022b) copolymerized TPEG with DMAA and
AMPS to prepare a fluid loss reducer capable of withstanding
200 °C and high salinity conditions. The above-mentioned TPEG
treatment agent has been industrialized and applied in some
important ultra-deep well drilling projects, showing good re-
sults (Sun et al, 2024b). However, these studies primarily
confirmed that TPEG-2400 can enhance the thermal resistance
of polymers, while mechanistic understanding remains limited
to structural modification and enhanced clay interaction sta-
bility. Moreover, the polyether segment itself is thermally labile,
beginning to degrade at around 180 °C, which contradicts the
traditional design philosophy of avoiding weak bond structures
in high-temperature-resistant polymers. To date, a systematic
investigation into how TPEG modulates polymer chain
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evolution, conformational transformation, thermal degradation
pathways, and adsorption behavior under high temperatures
remains lacking.

This study focuses on the performance and underlying mech-
anisms by which TPEG-2400 enhances the functionality of
acrylamide-based polymers in high-temperature drilling fluids.
TPEG-2400 was introduced into a N,N-dimethylacrylamide/2-
acrylamido-2-methylpropanesulfonic acid (DMAA/AMPS) copol-
ymer system via free-radical polymerization to construct a struc-
turally regular ternary copolymer, PDAT. Its segment structure,
thermal stability, drilling fluid performance, and interaction
mechanism with bentonite were systematically evaluated.
Comparative studies with the conventional binary copolymer PDA
(DMAA/AMPS) were conducted to investigate the influence of
TPEG-2400 on polymer performance. The results indicated that
the introduction of TPEG-2400 did not significantly alter the mo-
lecular weight of the polymer but substantially enhanced its
conformational stability under high-temperature conditions, clay
adsorption capacity, and ability to maintain drilling fluid rheology
and filtration performance. Under aging at 220 °C, the PDAT-
containing drilling fluid still exhibited favorable shear consis-
tency and dense filter cake formation, significantly outperforming
the control polymer without TPEG. The mechanism was innova-
tively elucidated by combining physicochemical characterization
of the polymer with thermal degradation product analysis. The
highly flexible segment structure of TPEG-2400 inhibited inter-
chain entanglement and coiling, while the strongly hydrophilic
polyether chains formed a robust hydration shell, increasing
electrostatic repulsion between clay particles. The polyether seg-
ments may exhibit a “self-sacrificial” behavior under high-
temperature conditions, preferentially decomposing to protect
critical functional groups such as amide moieties from thermal
damage. From both conformational and thermodynamic per-
spectives, such a mechanism synergistically delays polymer
failure.

It is concluded that the functional role of the segment structure
contributes more significantly than its intrinsic thermal stability to
enhancing the effective temperature range of acrylamide-based
polymers in drilling fluids. As current research on improving the
high-temperature resistance of these polymers approaches a
bottleneck, this strategically counterintuitive enhancement strat-
egy—introducing thermally less stable yet functionally effective
segment structures—may represent a promising new design
pathway for future high-performance polymer additives in high-
temperature drilling fluids.

2. Experiments and materials
2.1. Materials

N,N-Dimethylacrylamide = (DMAA, AR), 2-acrylamido-2-
methylpropanesulfonic acid (AMPS, AR), isopentenol polyoxy-
ethylene ether with a molecular weight of 2400 (TPEG-2400, AR),
sodium hydroxide (NaOH, AR), ammonium persulfate ((NH4)S,0Os,
AR) were purchased from Sinopharm Chemical Reagent Company.
The bentonite used to prepare drilling fluid was purchased from
Huaian County Tengfei Bentonite Company.

2.2. Experiments

Fig. 1 shows the overall flowchart of the experiment conducted
in this study, which can be divided into four parts. The purple part
represents the synthesis and purification of the polymer, the or-
ange part represents the characterization of the polymer, the blue
part represents the configuration and performance evaluation of
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Fig. 1. Overall flowchart of the study.

the drilling fluid test slurry, and the green part represents the
mechanism research experiment.

2.2.1. Preparation of polymers

Equal masses of the monomers DMAA and AMPS were weighed
and dissolved in deionized water under continuous stirring until
complete dissolution was achieved. NaOH was then added drop-
wise to adjust the pH of the solution to 7-8. The resulting solution
was transferred to a three-necked flask, deoxygenated by purging
with nitrogen gas, and subsequently heated to 65 °C in a ther-
mostatic water bath. A 10 wt% solution of (NH4),S,0g was added
dropwise to initiate the polymerization reaction. The reaction was
maintained at 65 °C for 4 h. Upon completion, the resulting gel
product was transferred into a dialysis bag and purified by dialysis
against deionized water for 48 h. The purified product was then
dried and ground to obtain the binary copolymer PDA composed of
DMAA and AMPS. In the above reaction system, the total monomer
mass accounted for 25 wt% of the solvent, and the initiator
(NH4)2S20g was used at 0.5 wt% relative to the total monomer
mass. Following the same procedure, the ternary copolymer PDAT
was synthesized by additionally introducing TPEG-2400 at 10 wt%
of the combined mass of DMAA and AMPS into the reaction sys-
tem. The synthesis procedures and theoretical segment structures
of PDA and PDAT are illustrated in Fig. 2(a).

2.2.2. Characterization of polymers

To characterize the chemical structures of PDA and PDAT,
Fourier-transform infrared spectroscopy (FTIR) was performed
using the potassium bromide pellet method in the range of
400-4000 cm ™!, and proton nuclear magnetic resonance ('"H NMR)
spectroscopy was conducted after dissolving the polymers in
deuterium oxide. The molecular weight information of the poly-
mers was obtained via aqueous-phase gel permeation chroma-
tography (GPC) and intrinsic viscosity measurement using an
Ubbelohde viscometer. Thermal stability and decomposition
behavior were investigated through thermogravimetric analysis
coupled with infrared spectroscopy (TG-FTIR) in the range of
30-600 °C and 400-4000 cm .. To assess the thermal resistance of
the polymers, 2 wt% aqueous polymer solutions were sealed in
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metal aging cells and subjected to thermal aging at various tem-
peratures for 16 h. The aged samples were then freeze-dried, and
their morphologies were examined using scanning electron mi-
croscopy (SEM). Elemental changes in the polymers after thermal
aging were analyzed using organic elemental analysis. Before
conducting the above tests, the instruments were calibrated in
advance and strictly tested according to the reproducible testing
program developed in the instruments. The final results obtained
through data processing methods such as averaging or trans-
formation were analyzed to ensure the objectivity of the results.

2.2.3. Polymer performance test

A 4 wt% bentonite-based drilling fluid slurry was prepared
(under stirring, add 4 wt% bentonite to deionized water, followed
by 0.3 wt% sodium carbonate to promote sodium activation and
enhance the hydration and dispersion of bentonite.), into which
2 wt% of PDA or PDAT was separately added. The mixtures were
stirred at 11,000 rpm for 20 min and then subjected to thermal
aging at various temperatures to obtain test slurries. The plastic
viscosity (PV), yield point (YP), initial gel strength (Gips) and 10-
min gel strength (Giomin) Of the drilling fluids were measured us-
ing a six-speed rotational viscometer, and the rheological param-
eters were calculated after obtaining stable values according to the
method specified in Chinese standard GB/T 16783.1-2014 (Qu
et al., 2024). A HAAKE rheometer was employed to determine
the shear stress at different shear rates and the complex modulus
under varying shear stress conditions. The shear rate increased
from the minimum detectable value of the instrument to 100 s~
and the shear stress increased from 0.01 to 100 Pa. Filtration loss
was measured in accordance with API standard procedures (Li
et al., 2025). The API filtration loss (FLap;) is obtained by cooling
the aged test slurry to room temperature and testing it under a
pressure difference of 0.69 MPa and the high temperature and high
pressure filtration loss (FLyyp) is measured at the corresponding
aging temperature under a pressure difference of 3.45 MPa. The
API filter cake was dried and sputter-coated with gold, and its
microstructure was then observed by SEM. Changes in zeta po-
tential and clay particle size distribution with temperature were
characterized using a zeta potential analyzer and a laser particle
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Fig. 2. Synthesis route, theoretical structure and characterization of PDA and PDAT: (a) synthesis route and theoretical structural formula, (b) FTIR spectra, (c) "H-NMR spectra, (d)

GPC curves, (e) TG curves.

size analyzer according to the same repeatable program, respec-
tively. To evaluate the temperature-dependent adsorption
behavior of the polymers on clay, bentonite was dispersed into
2 wt% deionized aqueous solutions of the polymers aged at
different temperatures. After soaking for 24 h, the suspensions
were centrifuged, and the lower-layer precipitates were collected,
dried, and subjected to total organic carbon (TOC) analysis. Contact
angle measurements were performed on the pressed precipitates
to further characterize the adsorption capacity of the polymers on
clay under different thermal conditions.

3. Results and discussion
3.1. Characterization of polymers

3.1.1. Chemical structure

Fig. 2(b) presents the FTIR spectra of PDA and PDAT. The broad
absorption band around 3500 cm~! corresponds to the N-H
stretching vibration of amide groups. The peak at approximately
2900 cm~ ! is attributed to the C-H stretching vibrations of methyl
and methylene groups (Huo et al., 2018). The peak at 1660 cm™"
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corresponds to the C=0 stretching vibrations of tertiary and sec-
ondary amides (Luo et al., 2023). The absorption band at 1180 cm ™!
represents the asymmetric stretching vibration of the sulfonic acid
group (S=0) (Sun et al., 2022). These characteristic peaks originate
from DMAA and AMPS and are observed in both PDA and PDAT.
Due to the incorporation of TPEG-2400, the FTIR spectrum of PDAT
exhibits a new out-of-plane CH, rocking vibration peak at
840 cm~! and a strong C-O-C stretching vibration peak at
1100 cm ™! (Yan et al., 2013). The intensity of the C-O—C peak is so
pronounced that it even overlaps the symmetric S=0 stretching
peak at 1040 cm~! (Wang R. et al., 2024), highlighting the struc-
tural differences between PDA and PDAT.

Fig. 2(c) displays the 'H NMR spectra of both polymers. Four
characteristic peaks are observed in both PDA and PDAT: peak a
(6=2.92) corresponds to the -CH3 protons adjacent to the nitrogen
atom in DMAA; peaks b (6 = 2.80) and c (6 = 1.47) correspond to
—CH and -CH; protons on the DMAA main chain, respectively (Bai
et al., 2023); peak d (6 = 1.37) is assigned to the —CH3 protons in
AMPS (Tang et al., 2016). In addition, several new peaks appear in
the NMR spectrum of PDAT: peak e (6 = 1.19) corresponds to the
—CH,; protons in the TPEG-2400 backbone; peak f (§ = 3.38) rep-
resents the characteristic signal of -OCH3 groups; and peak g
(6 = 3.57) is attributed to the repeating -O-CH,—CH»-O- units of
the polyoxyethylene ether chain (Lin et al., 2024). The appearance
of these additional peaks confirms the successful incorporation of
TPEG-2400 into the PDAT structure.

Combining the FTIR and '"H NMR analyses, it is evident that the
actual molecular structures of PDA and PDAT are consistent with
the theoretical segment structures shown in Fig. 2(a), confirming
the successful synthesis of the copolymers.

3.1.2. Molecular weight

For polymer additives used in drilling fluids, molecular weight
plays a decisive role in determining their performance, such as
dispersibility, viscosity enhancement, and thermal stability (Dong
et al, 2024). Generally, monomers with bulky steric hin-
drance—such as sodium p-styrene sulfonate and N-vinyl-
pyrrolidone—tend to impede polymer chain growth to some
extent, thereby increasing the difficulty of synthesizing high-
molecular-weight polymers (Jiang et al., 2019).

Fig. 2(d) shows the elution curves of PDA and PDAT obtained
from GPC analysis, revealing similar trends for both polymers.
Molecular weight statistics indicate that the number-average
molecular weight (Mn), weight-average molecular weight (Mw),
and peak molecular weight (Mp) of PDA and PDAT are approxi-
mately the same, with PDAT exhibiting a slightly lower molecular
weight. The polydispersity index (PDI) of PDAT increases only
marginally compared to that of PDA. These results suggest that the
introduction of TPEG-2400 has a negligible effect on the molecular
weight of the acrylamide-based polymer, and the steric hindrance
posed by TPEG-2400 is significantly lower than that of other bulky
monomers, which is beneficial for synthesizing polymers with
higher molecular weights (Gautam et al., 2025). Moreover, the
similar molecular weights of PDA and PDAT minimize the influ-
ence of molecular weight differences on performance, ensuring a
fair comparison in subsequent drilling fluid performance
evaluations.

3.1.3. Thermal stability

Fig. 2(e) shows the thermogravimetric (TG) curves of PDA and
PDAT, which reveal similar overall weight loss behavior. The minor
weight loss observed below 100 °C is attributed to the evaporation
of residual free water present in the samples (Xie et al., 2023).
Between 100 and 280 °C, the mass loss occurs gradually, which can
be ascribed to the decomposition of thermally labile groups and
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the evaporation of bound water associated with strongly hydro-
philic groups such as amide and sulfonic acid moieties. A more
pronounced weight loss is observed between 280 and 380 °C,
indicating the onset of functional group breakdown within the
polymer chains (Minakov et al., 2023). During this stage, side
chains and some segments of the main chain begin to degrade.
Above 380 °C, the polymers enter the main chain decomposition
and carbonization phase, where rapid mass loss occurs, ultimately
yielding carbonaceous residues (Mao et al., 2021). A comparison of
the two curves shows that although the incorporation of TPEG-
2400 does not significantly alter the onset temperatures of the
individual decomposition stages, it reduces the extent of mass loss
prior to the main chain degradation stage. This observation sug-
gests that TPEG-2400 may enhance the thermal resistance of the
polymer to some extent. Moreover, the introduction of polyether
segments could potentially modify the degradation process and
the resulting decomposition products, which will be discussed in
greater detail in the subsequent TG-FTIR analysis section.

3.2. Impact on drilling fluid

3.2.1. Rheological performance

Rheological performance is one of the most fundamental
properties of drilling fluids. A favorable rheological profile enables
the drilling fluid to effectively suspend solid particles (Gao et al.,
2025), clean the borehole bottom, enhance the rate of penetra-
tion, and maintain a regular wellbore geometry, thereby ensuring
drilling safety (Sun et al., 2019).

Fig. 3(Q) illustrates the variation in plastic viscosity of drilling
fluid test slurries containing PDA and PDAT as a function of aging
temperature. Maintaining appropriate and stable viscosity is
essential for safe and efficient drilling operations. Before aging, the
plastic viscosity of the two slurries were similar. As the aging
temperature increased, the plastic viscosity gradually decreased
due to polymer desorption and thermal degradation. However, the
decline in PDAT slurry was significantly less pronounced. At
220 °C, the plastic viscosity of the PDAT slurry decreased by only
about 33%, whereas that of the PDA slurry dropped by more than
50%. Across all aging temperatures, the plastic viscosity of the
PDAT slurry remained higher than that of the PDA slurry.

Fig. 3(b) presents the changes in yield point of both slurries
with increasing aging temperature. The yield point reflects the
strength of the network structure formed by clay particles, which
is directly related to the cuttings-carrying capacity of the drilling
fluid (Zheng et al., 2020). With increasing temperature, the yield
point of the PDA slurry decreased sharply, indicating breakdown of
its structural network; at 220 °C, the yield point dropped to only
2 Pa. In contrast, the PDAT slurry exhibited a more moderate
decline, retaining a yield point of 6 Pa at 220 °C—three times
higher than that of PDA—demonstrating superior cuttings trans-
port capability.

The initial gel strength (G1os) and 10-min gel strength (G1omin)
are key rheological parameters that reflect the ability of the dril-
ling fluid to build and maintain a structural network under static
conditions. The initial gel strength (measured after 10 s of static
aging) indicates the rate at which the polymer-clay network
structure reforms when fluid motion stops, representing the im-
mediate interparticle interactions. The final gel strength
(measured after 10 min of static aging) reflects the degree of
structural consolidation and the strength of the three-dimensional
network formed by hydrated clay particles and adsorbed polymer
chains over time. Higher gel strengths generally correspond to a
more robust and stable network structure, which is essential for
suspending cuttings during circulation interruptions and main-
taining wellbore stability at elevated temperatures (Wisniowski
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et al., 2020). According to Fig. 3(c), it can be seen that the G1gs and
Giomin Of PDAT test slurry are always greater than PDA after aging
at different temperatures, indicating that its grid structure has
stronger strength.

Fig. 3(g) shows the variation of shear stress with shear rate and
the change in complex shear modulus |G*| with shear stress for the
aged slurries. As the shear rate increases, the shear stress also
increases, displaying the behavior of a plastic fluid. It can be seen
that the rheological mode of all tested slurries approximates be-
tween Bingham mode and power-law mode. Analysis based on the
Bingham model, a minimum stress, known as the static shear
force, is required to initiate flow by breaking the flocculated
bentonite network (Sun et al., 2023). The PDAT slurry consistently
exhibited a higher static shear force than the PDA slurry. Above
180 °C, the static shear force of PDA slurry nearly vanished, while
the PDAT slurry still retained a measurable static shear force even
after aging at 220 °C, indicating a more robust internal network
structure. Before reaching the critical stress threshold, |G*|
remained nearly constant with increasing stress. A sharp drop in |
G*| at the critical stress indicated disruption of the network
structure among clay particles (Wang et al., 2012). After high-
temperature aging, the critical stress of the PDAT slurry
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remained substantially higher, suggesting that its internal struc-
ture was more stable and better suited for high-temperature
environments.

These results collectively demonstrate that the incorporation of
TPEG-2400 effectively enhances the ability of the copolymer to
maintain rheological stability of the drilling fluid under elevated
temperatures.

3.2.2. Filtration performance

Filtration is another critical performance parameter for drilling
fluids. An effective drilling fluid should be capable of rapidly
forming a thin yet robust filter cake, minimizing fluid invasion into
the formation, and thereby maintaining wellbore stability and
drilling safety (Zhong et al., 2020).

Fig. 3(d) illustrates the changes in API filtration volume (FLap;)
of PDA and PDAT slurries at various aging temperatures. As the
aging temperature increases, the FLap rises continuously, which is
largely attributed to polymer desorption and degradation, leading
to a gradual loss of protective interactions with clay particles.
However, the PDAT slurry exhibited a significantly smaller increase
in filtration volume. From room temperature to 220 °C, the FLap;
increased from 3.8 to 10.8 mL, while for the PDA slurry, it rose
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sharply from 4.2 to 19.2 mL. High-temperature and high-pressure
filtration (FLyryp) tests are widely used to evaluate the fluid loss
performance of drilling fluids under extreme conditions.
Compared to FLap; at ambient conditions, FLytyp better simulates
the actual downhole environment, where the drilling fluid is
subjected to elevated temperatures and high confining pressures.
Fig. 3(f) shows the FLyryp of different test slurries at correspond-
ing aging temperatures. It can be seen that the FLyyp of PDAT test
slurry is significantly lower, and the high-temperature and high-
pressure filtration loss of PDAT test slurry at 220 °C is only about
half of that of PDA test slurry.

This clearly indicates that the copolymer containing TPEG-2400
exhibits superior filtration control capability under high-
temperature conditions. This improvement can be attributed to
multiple factors, including enhanced clay particle dispersion and
more stable adsorption behavior (Chen et al., 2018), which will be
analyzed in greater detail in the subsequent mechanism discus-
sion section.

3.2.3. Long-term aging performance

Long-term aging tests are essential for evaluating the thermal
stability and durability of drilling fluid additives under extended
exposure to high-temperature environments. In real drilling op-
erations, particularly in deep and ultra-deep wells, the circulation
time of drilling fluids can last for several days or even weeks,
during which the additives are continuously subjected to elevated
temperatures, pressure, and complex chemical environments.

According to Fig. 3(b) and (d), it can be seen that the perfor-
mance of PDA test slurry deteriorates severely after aging at 220 °C
for 16 h. Continuing to age at 220 °C for a long time cannot reflect
the process of performance degradation with increasing aging
time. In order to objectively compare the performance changes of
PDA and PDAT under long-term aging conditions, 180 °C was
selected as the long-term aging temperature. Fig. 3(f) shows the
performance of PDA and PDAT test slurries after aging at 180 °C for
24, 48, 72, and 96 h, respectively. It can be seen that as the aging
time increases, the yield point of the test slurry decreases and the
FLap; increases, indicating that the network structure composed of
polymer and clay in the drilling fluid is gradually destroyed and
polymer gradually fails. However, the performance degradation
rate and amplitude of PDAT test slurry are significantly smaller.
After 96 h of aging, the yield point value of the drilling fluid is still
5 Pa, and the filtration loss is still acceptable. This indicates that
the introduction of TPEG delays the damage of high temperature to
the polymer, making the polymer have better long-term temper-
ature resistance.

3.3. Mechanism analysis

3.3.1. Changes of copolymer properties at high temperatures

For polymer additives used in drilling fluids, the failure tem-
perature often does not directly correlate with the TG curve (Sun
et al., 2024a). Instead, factors such as conformational stability
and dispersion state under high temperatures play a significant
role in determining polymer performance—yet these factors are
not readily reflected in TG analysis. Changes in the physicochem-
ical properties of polymers under high-temperature conditions are
fundamental to performance deterioration. When dispersed in
aqueous systems, polymer chains may undergo curling, scission,
and other structural transitions at elevated temperatures, result-
ing in changes in molecular weight and morphology. The stability
of these properties can to some extent reflect the retention of
polymer functionality.

Fig. 4(a) shows the plastic viscosity and viscosity retention of
2 wt% polymer aqueous solutions after aging at different
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temperatures. With increasing aging temperature, the viscosity of
the solutions decreased sharply, which can be attributed to
configurational and conformational changes such as chain coiling
and degradation. Comparing PDA and PDAT, the viscosity retention
of PDAT was consistently higher. The difference was most pro-
nounced at 180 °C, where PDAT retained about 20% of its original
viscosity, while PDA retained less than 10%. Even at 220 °C, PDAT
still exhibited approximately 10% viscosity retention, suggesting
less conformational collapse of its molecular chains under high-
temperature conditions.

Fig. 4(b) presents the viscosity-average molecular weight (Mv)
of the polymers, measured using an Ubbelohde viscometer (Koh
et al.,, 2022). Before aging, both polymers exhibited similar Mv
values. Upon thermal aging, the Mv of PDA dropped sharply, falling
to less than 10% of its original value at 180 °C, indicating severe
hydrolysis and structural breakdown, leaving it incapable of
resisting further thermal damage. In contrast, the Mv of PDAT
decreased more gradually with temperature. At 180 °C, it retained
about 45% of its initial molecular weight, and even with further
heating, the polymer still showed a degree of resistance to thermal
degradation, indicating a residual structural integrity in its mo-
lecular chains.

Polymer solutions aged at 25 (ambient), 180, and 220 °C were
freeze-dried and analyzed via scanning electron microscopy (SEM)
to observe their morphologies. As shown in Fig. 4(c), at ambient
temperature, both polymers were well dispersed in solution and
exhibited distinct network structures. Due to its comb-like mo-
lecular structure, the PDAT copolymer with TPEG-2400 formed a
visibly coarser and more robust network, which physically hin-
dered chain entanglement. As previously analyzed, 180 °C appears
to be a critical temperature at which notable differences between
the two polymers emerge. SEM images confirmed this: PDA chains
showed significant entanglement, distortion, and degradation,
with their morphology transforming from a defined network into
fragmented sheets, blocks, and filaments—indicating severe
structural damage (Oya and Kawakatsu, 2014). Although some
chain entanglement was also observed in PDAT, the overall
network framework remained visible, suggesting that its primary
structure was still largely preserved. When the aging temperature
was increased to 220 °C, the morphology of PDA had completely
transitioned into indistinct amorphous clusters with no discern-
ible network features. Although the PDAT chains also underwent
substantial morphological changes at this temperature, portions of
the original network skeleton were still observable, correlating
with its higher residual molecular weight.

The introduction of polyether structures imparts highly flexible
side chains with large conformational entropy to the polymer.
According to Kramers’ rate theory, this results in a higher entropic
barrier for chain curling under thermal agitation (Pollak and
Miret-Artes, 2023), favoring the maintenance of an extended and
open conformation at elevated temperatures. Consequently, the
polymer chains are less prone to rapid or intense collapse under
high-temperature conditions (Bacosca et al., 2012). These struc-
tural advantages are not readily captured in TG curves, offering a
direct explanation for the discrepancy between the similar ther-
mal degradation profiles and the divergent high-temperature
performance of the two polymers.

3.3.2. Effect of copolymer on particle size and dispersion of clay

At elevated temperatures, the hydration layer on clay particles
in drilling fluids becomes thinner, and the electrostatic repulsion
between particles weakens. This reduction in repulsive force de-
creases the dispersion stability of the clay, leading to particle
agglomeration and an increase in particle size (Mech and Sangwai,
2016). As a result, the pore size of the filter cake enlarges and the
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fluid loss increases. Polymer additives can adsorb onto the clay
surface, offering a protective effect that helps maintain moderate
dispersion of the particles and enhances the overall performance
of the drilling fluid.

Fig. 5(a) presents the particle size distribution curves of PDA
and PDAT slurries after thermal aging at different temperatures.
Before aging, both slurries showed relatively concentrated particle
size distributions, though with relatively large particle sizes
overall. This is likely due to the formation of network structures
within the drilling fluid, which prevent the laser particle size
analyzer from resolving individual clay particles. In such cases, the
instrument may interpret network aggregates as single large
particles. The slightly larger particle size observed in the PDAT
slurry is likely a result of greater polymer adsorption and a more
robust network structure. After thermal aging, the particle size
distribution broadened. The smaller-sized fraction represents
well-dispersed clay, which is essential for maintaining favorable
rheological and filtration properties. In contrast, the larger-sized
fraction (> 100 pm) corresponds to thermally agglomerated clay,
which exhibits poor dispersion, low contribution to viscosity and
yield strength, and forms looser filter cakes. The occurrence of
such large particles should be minimized. Across all temperatures,
the PDAT slurries consistently retained a higher proportion of
well-dispersed clay compared to those with PDA. Even after aging
at 200 °C, the majority of clay particles in the PDAT slurry
remained in a reasonable size range. Although some agglomera-
tion was observed at 220 °C, the distribution was still concentrated
in the functional range. In contrast, the PDA slurry displayed a
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pronounced peak in the particle size distribution above 100 pm,
indicating severe agglomeration. Fig. 5(b) further illustrates the
changes in median particle diameter (D5g) with increasing aging
temperature. The PDA slurry exhibited a sharp increase in median
particle size, while the PDAT slurry maintained a relatively stable
size distribution up to 200 °C. Even at 220 °C, 50% of the particles
in the PDAT slurry remained smaller than 15 pm.

Zeta potential reflects the potential difference between the
adsorbed and diffuse layers of clay particles and serves as a key
indicator of colloidal dispersion stability (Cui and van Duijneveldt,
2010). A higher absolute value of zeta potential indicates stronger
electrostatic repulsion between particles and greater dispersion
stability. Both PDA and PDAT are anionic polymers that, when
adsorbed onto the clay surface, increase the surface negative charge,
thicken the hydration shell, and strengthen interparticle repulsion,
thereby enhancing clay dispersion (Greesh et al., 2008). As shown in
Fig. 5(c), the absolute value of zeta potential decreased with
increasing temperature, indicating that the polymers on the clay
surface had undergone desorption or degradation, weakening their
protective effect. At all temperatures, the absolute value of zeta
potential for the PDAT slurry remained higher than that of PDA, and
the difference between them widened with temperature. This
suggests that the incorporation of TPEG-2400 enhances the
adsorption and protective effects of the copolymer on clay surfaces
and improves its functional stability at high temperatures. The
polyether chains possess strong hydrophilicity and tend to extend
outward into the aqueous phase (Zhong et al., 2015), forming a thick
and stable hydration film that inhibits clay agglomeration and helps
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maintain the polymer-clay network structure in the drilling fluid
(Liu, 2007).

3.3.3. Effect of copolymer on mud cake of drilling fluid

Both PDA and PDAT contain amide groups that facilitate
adsorption onto clay surfaces, while sulfonic acid groups enhance
clay hydration, thereby promoting the formation of dense filter
cakes in drilling fluids (Wang D.-Y. et al., 2024). Fig. 6 presents the
macroscopic and microscopic morphologies of the filter cakes
formed by PDA and PDAT slurries after aging at various tempera-
tures. Before thermal aging, both filter cakes appeared thin and
smooth on the macroscopic scale. Microscopically, their surfaces
were flat and compact, with no visible pores or fissures, indicating
that the polymers had effectively adsorbed onto the clay surfaces
and were functioning as intended (Wang et al., 2013). As the aging
temperature increased, the macroscopic appearance of the filter
cakes became progressively rougher and thicker. After aging at
160 °C, visible pores began to appear on the surface of the PDA
filter cake, and with further temperature increase, the filter cake
became increasingly populated with large aggregated clay parti-
cles and enlarged pores. These morphological changes are a direct
cause of the sharp increase in fluid loss. In contrast, the filter cakes
formed by PDAT slurries remained relatively dense after thermal
aging. Even after aging at 200 °C, the filter cake surface remained
smooth, flat, and compact, with almost no large particle aggre-
gates observed under SEM. Although some degree of clay
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agglomeration was evident at 220 °C, the structural integrity of the
PDAT filter cake remained superior to that of the PDA counterpart.
These results demonstrate that the copolymer containing TPEG-
2400 retains its ability to adsorb onto clay surfaces under high-
temperature conditions (Wang et al., 2022), contributing to the
formation of high-quality filter cakes and thereby improving the
fluid loss control performance of the drilling fluid (Obi et al., 2024).

3.3.4. Evaluation of copolymer adsorption capacity

Under high-temperature conditions, both polymers and clays in
drilling fluids undergo complex physicochemical transformations.
The adsorption and desorption behavior of polymers on clay sur-
faces is influenced by multiple factors (Wu et al., 2018). A commonly
used evaluation method involves centrifuging aged slurries and
collecting the bottom sediment for total organic carbon (TOC)
analysis. Since the bentonite matrix is essentially carbon-free, the
TOC content in the sediment can be used as an approximate indi-
cator of the amount of polymer adsorbed on the clay at various
temperatures (Xiong et al,, 2015). As shown in Fig. 7(a), the TOC
content decreases with increasing temperature, indicating reduced
polymer adsorption on clay surfaces. A comparison of PDA and PDAT
slurries shows that the TOC content in the PDAT sediment remains
consistently higher, suggesting that PDAT has better adsorption
capability under high-temperature conditions.

However, this method neglects the fact that clay itself un-
dergoes property changes at elevated temperatures. Studies have
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Fig. 6. Mud cakes formed by PDA and PDAT test slurries after aging at different temperatures.

shown that high-temperature exposure can passivate clay, altering
its surface hydrogen bonding and specific surface area, which
significantly affects polymer adsorption (Liu J.P. et al., 2022). Thus,
this method may not objectively reflect the intrinsic adsorption
performance of the polymers. To minimize the influence of ther-
mally induced changes in clay properties, a modified approach was
adopted: untreated bentonite was dispersed into polymer solu-
tions aged at different temperatures, and the mixtures were
incubated for 24 h at room temperature. The bottom sediment was
then collected by centrifugation and subjected to TOC testing,
allowing a more objective comparison of polymer adsorption on
clay over a fixed time period.

To ensure the objectivity of the TOC-based adsorption com-
parison, the TOC content of each aged polymer solution was
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measured prior to sediment testing. As shown in Fig. 7(b), the TOC
content of the polymer solutions showed minimal variation across
aging temperatures; the TOC content of the solution aged at 220 °C
was only 0.2 mg/mL lower than that of the unaged solution.
Additionally, the TOC levels of PDA and PDAT solutions were
comparable, suggesting that the differences observed in the sedi-
ment TOC content primarily result from differences in polymer
adsorption. Fig. 7(c) presents the TOC results of the sediments
obtained from these solutions. The TOC values from PDAT solu-
tions were consistently higher than those from PDA solutions, and
the gap widened as the aging temperature increased. Furthermore,
PDAT exhibited a minor reduction in TOC content with tempera-
ture, indicating superior and more stable adsorption capacity at
elevated temperatures.
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To further visualize the difference in adsorption behavior, the
sediment from each polymer solution was dried and pressed into
thin wafers, and the water contact angle of each surface was
measured, and the results are shown in Fig. 7(d). For reference,
pressed wafers of bentonite, PDA, and PDAT powders were also
tested. The pure bentonite wafer exhibited strong hydrophilicity,
with a contact angle of only 8.2°, while PDA and PDAT powders
showed contact angles of 45.3° and 48.9°, respectively, due to their
relatively lower surface hydrophilicity. Adsorption of polymer onto
clay increases the contact angle; thus, greater adsorption is theo-
retically correlated with a higher contact angle (Yao et al., 2022).
Before thermal aging, the contact angles of PDA- and PDAT-treated
wafers increased significantly compared to pure bentonite, indi-
cating good adsorption of both polymers, consistent with the
similar TOC values. After aging at 160 °C, a notable difference
emerged: the contact angle of the PDA-treated wafer dropped to
22.5°, suggesting that high temperature severely weakened PDA'’s
adsorption capacity. In contrast, the PDAT-treated wafer retained a
contact angle of 35.5°, close to the unaged condition. As the
temperature further increased, contact angles for both polymers
declined, reflecting reduced adsorption. However, the contact
angles for PDAT-treated wafers remained significantly higher than

those of PDA, confirming that the introduction of TPEG-2400
enhanced the resistance of polymers to thermally induced
desorption and improved its adsorption on clay surfaces in high-
temperature drilling fluids.

3.3.5. Exploration of thermal decomposition products of
copolymers

An interesting phenomenon can be observed from the above
analyses: although the TGA curves and the TOC content in solution
show only slight differences between the two polymers, their
adsorption behavior on clay and performance in drilling fluids differ
significantly. The polyether segments introduced by TPEG-2400 can
extend into the aqueous phase and form hydrogen bonds with clay
surfaces, thereby enhancing the adsorption ability to some extent.
However, the mass of TPEG-2400 in the reaction system accounts
for only 10% of the total monomer mass; the polymer backbone
remains predominantly composed of DMAA and AMPS, and the
thermal resistance of the polyether segment itself is limited.
Therefore, its direct contribution to maintaining the polymer’s
adsorption capacity at high temperatures may not be substantial.

To investigate the fundamental reasons why TPEG-2400 en-
hances the high-temperature performance of acrylamide-based
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polymers in drilling fluids, thermogravimetric-infrared (TG-FTIR)
analysis was employed to examine the thermal decomposition
products of PDA and PDAT, providing further insight into their
degradation processes. TG-IR allows for real-time infrared spectral
detection of decomposition products during thermal analysis (Ju
et al., 2024). The obtained IR spectra can be used to identify the
composition of volatiles released at different temperatures,
thereby improving understanding of various thermal degradation
stages. Fig. 8(a) presents the TG-IR results for PDA and PDAT, where
the X-, Y-, and Z-axes represent infrared wavelength, temperature,
and absorbance, respectively.

It can be observed that the two polymers exhibit similar char-
acteristic peaks in their decomposition products, with a large
quantity of volatiles detected only after 250 °C. This indicates the
onset of extensive decomposition of functional groups, as well as
the cleavage of side chains and portions of the main chain (Xie
et al,, 2024). However, PDA starts releasing large quantities of
decomposition products at around 255 °C, while for PDAT, this
temperature is delayed to approximately 268 °C. Moreover, PDA
shows higher infrared peak intensities, suggesting a more intense
decomposition process. Prior to the detection of major volatiles,
some weak IR signals are already present, corresponding to the
decomposition of thermally labile groups. These peaks are mainly
located in the range of 1000-1700 cm~!. A comparison of the
spectra reveals that PDAT exhibits an additional absorption peak at
1150 cm~}, likely associated with the evolution of short-chain
ethers. This implies that differences may exist between the two
polymers in their early-stage thermal degradation pathways.

To further compare the decomposition behavior of the two
polymers, several representative infrared wavelengths were
selected, and intensity-temperature curves were plotted to
analyze the evolution of specific decomposition products at
different temperatures (Zang et al., 2025). Among them, 1150 cm ™!
is a key wavelength, as the characteristic peak at this position can
originate from both short-chain ethers (C-O-C) produced by the
degradation of polyether segments and sulfur-containing species
(SO3, -S03) released during sulfonic group decomposition (Zhang
and Cao, 2019). Given that the decomposition temperature of
sulfonic groups is typically much higher than that of polyethers,
the contribution of these two processes can be distinguished. The
decomposition of sulfonic groups often accompanies the break-
down of the polymer backbone. Therefore, analyzing the variation
in the intensity at this wavelength offers preliminary insight into
the polymer degradation mechanism. The characteristic peak at
1650 cm~! mainly arises from N-H species generated during the
decomposition of amide groups (Al-Muntasheri et al., 2008).
Amide functionalities are important for polymer adsorption on
clay surfaces. In the early stages of heating, dehydration reactions
may occur, followed by Hofmann degradation at higher tempera-
tures (Lin et al., 2019). These processes reduce the polymer’s
adsorption capacity. Thus, examining the evolution of this peak
helps elucidate changes in adsorption performance.

As shown in Fig. 8(b), a distinct peak appears between 180 and
300 °C in the 1150 cm™! curve for PDAT, indicating the release of
decomposition products containing C-O-C groups (Lattimer and
Williams, 2002). In contrast, no such peak is observed for PDA
within this temperature range. Meanwhile, a significant peak ap-
pears in the 1650 cm™! curve for PDA, suggesting the release of
N-H species due to amide group degradation. For PDAT, the first
major peak at 1650 cm~! appears around 270 °C, significantly later
than that of PDA. This suggests that in the range of 180-300 °C, the
polyether segments introduced by TPEG-2400 undergo preferen-
tial degradation, thereby protecting the amide groups via a “self-
sacrificial” mechanism and preserving their structure at elevated
temperatures. As the temperature continues to rise, both polymers
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exhibit strong peaks in the 1150 and 1650 cm™! curves between
350 and 450 °C, corresponding to extensive decomposition of
sulfonic and amide groups, and the cleavage of side and main
chains. Comparing the two polymers, the absorbance intensity for
PDAT is markedly lower, and the peak in the 1650 cm™' curve
appears at a higher temperature. This may be attributed to the
polyether segments introduced by TPEG-2400, which increase the
overall molecular disorder. The flexible and long side chains act as
spatial arms, raising the entropic barrier for chain coiling under
thermal stress (Xu et al., 2016). Additionally, the hydrated shell
formed by polyether chains imposes a kinetic anchoring effect,
improving the conformational stability of the polymer (Jamadagni
et al., 2009). The disruption of such conformations consumes part
of the energy input (Pollak, 2024), thereby enhancing the thermal
tolerance of the molecular chains.

To verify the validity of the proposed “self-sacrifice” mecha-
nism involving ether linkages, elemental analysis was performed
on the polymers before and after thermal aging at 180 and 220 °C
to quantify elemental composition changes. Under high tempera-
tures, some amide groups hydrolyze into carboxylic acids, leading
to a decrease in nitrogen content, while carbon, hydrogen, and
sulfur content may increase due to concentration effects (Yang X.J.
et al.,, 2024). However, the degradation of polyether chains would
result in a reduction in carbon and hydrogen content. As shown in
Fig. 8(c), the relative changes in elemental composition after aging
at 180 and 220 °C compared with the unaged polymers are
consistent with the prior analysis. The nitrogen content decreases,
while other elements generally increase. However, PDAT exhibits a
significantly smaller increase in carbon and hydrogen content, and
a minor decrease in nitrogen content, than PDA. Meanwhile, the
increase in sulfur content—unrelated to the decomposition of
ether or amide groups—remains similar for both polymers (Liu L.
M. et al., 2022b), supporting the hypothesis that less amide
decomposition occurred in PDAT. This suggests that the degrada-
tion of polyether segments partially replaced that of amide groups.
The trend is more pronounced at 220 °C. Due to the preferential
release of hydrogen-rich volatiles from polyether degradation
(Matsuoka et al., 2012), PDAT shows a markedly smaller increase in
hydrogen content compared with PDA. The smaller decrease in
nitrogen content further confirms that fewer amide groups were
degraded in PDAT. Meanwhile, this self-sacrificing speculation can
also be verified in the viscosity-average molecular weight analysis
described in Fig. 4(b). As the aging temperature increases, the
molecular weight change of PDAT becomes smaller, indicating that
the degree of damage to its main structure is smaller. These results
validate, to some extent, the hypothesis of ether group “self-sac-
rifice.” Such a mechanism of sacrificial enhancement may provide
a new strategy for improving the thermal resistance of polymers
designed for use in drilling fluids.

3.3.6. Mechanism analysis summary

Based on the above experimental results and analyses, the
enhancement mechanism of TPEG-2400 for acrylamide-based
copolymers in high-temperature drilling fluids can be summa-
rized as shown in Fig. 9. The main mechanisms are as follows.

(1) The introduction of flexible polyether side chains with high
steric hindrance and conformational entropy increases the
molecular disorder of the polymer chains. This physically
prevents excessive proximity and entanglement between
adjacent main chain segments or different polymer chains.
Under high-temperature conditions, chain segment coiling
requires overcoming a greater entropic energy barrier, and
polymer chains tend to adopt a more extended and open
conformation. This enlarges the effective interaction area of
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the molecular chains and reduces the likelihood of sudden (2) The highly hydrophilic polyether chains extend outward
or severe unfavorable coiling induced by intensified thermal into the aqueous phase in solution, forming a thick and
motion, thereby enhancing the intrinsic thermal resistance stable hydration shell that enhances electrostatic repulsion

of the polymer. between clay particles, improving their colloidal dispersion
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Fig. 9. Enhancing mechanism schematic diagram of TPEG.

stability and preventing aggregation. This helps maintain
the polymer—clay network structure under high tempera-
tures, enabling the aged drilling fluid to still form a thin and
compact filter cake. Consequently, the introduction of pol-
yether chains enhances the polymer’s ability to stabilize the
rheological and filtration properties of the drilling fluid at

adsorption onto clay and thereby preserving its protective
function. Macroscopically, this results in a noticeable in-
crease in the effective temperature limit at which the
polymer remains functional in drilling fluid systems.

elevated temperatures.
(3) At lower temperatures, the polyether chains form hydrogen
bonds with the clay surface, improving the polymer’s

4. Conclusions

(1) Isoprenol polyoxyethylene ether (TPEG-2400) exhibits

adsorption capacity. At higher temperatures, the polyether
segments preferentially degrade, possibly providing a “self-
sacrificing” effect that protects the amide groups from
thermal destruction. This allows the amide functionalities to
persist at higher temperatures, maintaining the polymer’s
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excellent compatibility with acrylamide-based polymers
used in drilling fluids. It can be smoothly copolymerized
with commonly used monomers such as DMAA and AMPS,
without significantly affecting the molecular weight of the
resulting copolymer.
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(2) TPEG-2400 can effectively enhance the adsorption capacity
of acrylamide-based polymers onto clay in drilling fluids
under high-temperature conditions. This facilitates the
maintenance of the polymer-clay network structure at
elevated temperatures, allowing the aged drilling fluid to
still form thin and compact filter cakes, thereby improving
the polymer’s ability to stabilize the rheological and filtra-
tion properties of drilling fluids at high temperatures.

(3) The enhancement mechanism of TPEG-2400 for acrylamide-
based copolymers in high-temperature drilling fluids can be
summarized in three aspects:

(i) The introduction of flexible polyether side chains with
high steric hindrance and conformational entropy
prevents polymer chain entanglement and coiling,
helping maintain an extended and open conformation
that increases the interaction area of molecular chains
at high temperatures.

(ii) The strongly hydrophilic polyether chains form thick
hydration layers, which enhance the electrostatic
repulsion between clay particles and improve their
colloidal dispersion stability.

(iii) The polyether segments enhance adsorption through
hydrogen bonding with clay and may degrade prefer-
entially at high temperatures, thereby protecting the
polymer backbone and amide groups from thermal
decomposition. This enables the polymer to retain its
adsorption capability and protective function toward
clay, leading to an extended upper temperature limit
for effective performance.

(4) The functional role of specific structural units may, in some
cases, contribute more to increasing the effective tempera-
ture resistance of acrylamide-based polymers in drilling
fluids than their intrinsic thermal stability. Introducing
structurally weaker yet functionally beneficial segments can
raise the effective temperature range. The special func-
tionality of such structures, particularly their ability to
protect critical groups through sacrificial degradation, may
not manifest as an increase in decomposition temperature
on thermogravimetric curves, yet significantly enhances
polymer performance. This strategically counterintuitive
enhancement strategy—introducing thermally less stable
yet functionally effective segment structures—may repre-
sent a promising new design pathway for future high-
performance polymer additives in high-temperature dril-
ling fluids.

(5) This study has identified a new pathway that is funda-
mentally different from the existing mechanism of
enhancing the thermal resistance of drilling fluid polymers.
It seems to be able to be used simultaneously with tradi-
tional efficiency enhancing pathways (such as introducing
cyclic rigid monomers). We hope that future research will
further expand on this concept by exploring alternative
flexible side chains, multifunctional groups with enhanced
interfacial interactions, and the synergistic application of
such polymers with other advanced additives under ultra-
high-temperature and high-salinity conditions. These ef-
forts could pave the way for the next generation of high-
performance drilling fluid polymers with superior adapt-
ability and efficiency.
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Nomenclature

DMAA N,N-Dimethylacrylamide

AMPS 2-Acrylamido-2-methylpropanesulfonic acid
TPEG Isopentenol polyoxyethylene ether

TPEG-2400 Isopentenol polyoxyethylene ether with a molecular

weight of 2400
PDA AMPS/DMAA copolymer
PDAT AMPS/DMAA/TPEG-2400 copolymer
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