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temperature and pressure intensify, imposing exacting demands on plug materials. In this study, a kind
of controllable curing resin with dense cross-network structure was prepared by the method of solution
stepwise ring-opening polymerization. The resin plugging material investigated in this study is a
continuous phase material that offers effortless injection, robust filling capabilities, exceptional reten-

Edited by Jia-Jia Fei tion, and underground curing or crosslinking with high strength. Its versatility is not constrained by

fracture-cavity lose channels, making it suitable for fulfilling the essential needs of various fracture-
Keywords: cavity combinations when plugging fracture-cavity carbonate rocks. Notably, the curing duration can
Urea-formaldehyde resin be fine-tuned within the span of 3—7 h, catering to the plugging of drilling fluid losing of diverse fracture
Rheological property dimensions. Experimental scrutiny encompassed the rheological properties and curing behavior of the
Curing property resin plugging system, unraveling the intricacies of the curing process and establishing a cogent kinetic

Curing kinetics

; . model. The experimental results show that the urea-formaldehyde resin plugging material has a tight
Plugging mechanism

chain or network structure. When the concentration of the urea-formaldehyde resin plugging system
solution remains below 30%, the viscosity clocks in at a meager 10 mPa-s. Optimum curing transpires at
60 °C, showcasing impressive resilience to saline conditions. Remarkably, when immersed in a composite
saltwater environment containing 50000 mg/L NaCl and 100000 mg/L CaCly, the urea-formaldehyde
resin consolidates into an even more compact network structure, culminating in an outstanding
compressive strength of 41.5 MPa. Through resolving the correlation between conversion and the
apparent activation energy of the non-isothermal DSC curing reaction parameters, the study attests to
the fulfillment of the kinetic equation for the urea-formaldehyde resin plugging system. This discerning
analysis illuminates the nuanced shifts in the microscopic reaction mechanism of the urea-formaldehyde
resin plugging system. Furthermore, the pressure bearing plugging capacity of the resin plugging system
for fractures of different sizes is also studied. It is found that the resin plugging system can effectively
resident in parallel and wedge-shaped fractures of different sizes, and form high-strength consolidation
under certain temperature conditions. The maximum plugging pressure of resin plugging system for
parallel fractures with outlet size 3 mm can reach 9.92 MPa, and the maximum plugging pressure for
wedge-shaped fractures with outlet size 5 mm can reach 9.90 MPa. Consequently, the exploration and
application of urea-formaldehyde resin plugging material precipitate a paradigm shift, proffering novel
concepts and methodologies in resolving the practical quandaries afflicting drilling fluid plugging.
© 2024 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-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

With the exploration and development of oil and gas fields
expanding to a deeper level, lost circulation will become more
sudden and complex. Deep and ultra-deep fractures are commonly
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rate of lost circulation control is low (Sun et al., 2021). The existing
domestic technology and the comprehensive introduction of
foreign technology have not been solved, which has become the
first major technical problem restricting the quality and efficiency
of oil and gas drilling engineering (Xu et al., 2023). Losses during
drilling can cause the rig to be unable to drill properly, greatly in-
crease the non-productive time, and cause significant economic
losses. According to statistics, companies such as CNPC, Sinopec,
CNOOC, and Yanchang Petroleum have suffered direct economic
losses of over 10 billion yuan annually due to lost circulation (Sun
et al.,, 2021). In recent years, the lost circulation has resulted in an
average annual loss time exceeding 4000 days, constituting over
two-thirds of the cumulative complex loss time due to drilling
accidents. Moreover, the average annual direct economic loss
stemming from this issue surpasses 5 billion yuan (Pu et al., 2022).
Despite the remarkable progress made in plugging technology in
recent years, there is still a notable deficiency in effectively
addressing challenging lost circulation reservoirs, especially when
confronted with extensive cavernous areas and exceptional frac-
tures (Lei M. et al., 2022; Sun et al., 2021). Consequently, it is of
utmost importance to urgently and thoroughly investigate the
mechanisms behind drilling fluid loss and plugging, as well as to
examine the durability of plugging materials under extreme con-
ditions of high temperatures and pressures, while also assessing
their retention and filling capabilities (Kang et al., 2023).

Among the commonplace plugging materials, bridging agents,
high water loss compounds, and gels occupy a crucial position,
adeptly mitigating the risks associated with drilling fluid loss and
significantly enhancing the success rates of plugging operations
(Bai et al., 2023a, 2023b; Lashkari et al., 2023; Yang et al., 2023).
Bridging plugging materials are composite plugging materials
formed by inert materials such as granular, fibrous and sheet ac-
cording to certain mass ratio and particle size gradation (Xu et al.,
2022). Commonly used bridging materials are walnut shell, cal-
cium carbonate, fiber, mica sheet and so on. However, there exists a
poor correlation between the particle size of typical bridging
plugging materials and the dimensions of the formation's loss
channels. This mismatch poses a challenge, as these materials
struggle to remain in place within large fractures characterized by
extensive crack widths and significant longitudinal extensions,
particularly in karst caves (Lashkari et al., 2023). Consequently, this
results in a reduced pressure-bearing capacity of the plugging layer.
High water-loss plugging materials are generally composed of
polymer, diatomaceous earth, cement, sepiolite, attapulgite,
asbestos powder, stone ridge, percolating materials and inert ma-
terials in a certain proportion (Nguyen et al., 2023). High water-loss
plugging materials are easy to use, quick to effect, and have a high
success rate in high permeability formation (Sun et al., 2021).
However, the high water-loss type plugging materials are similar to
bridge type plugging materials, which have poor adaptability to
lose channels and are difficult to stay in large fractures or karst
caves (Zhou et al., 2022). Gel plugging materials are primarily
employed to create robust gels with a three-dimensional network
structure, either through chemical crosslinking reactions or by
harnessing the intermolecular interactions to effectively plug the
loss channels encountered in complex formation drilling fluids
(Yang et al., 2023). When compared to other plugging materials, gel
plugging materials exhibit superior adaptability to various scales of
loss channels, unhindered by shape constraints due to their
exceptional deformability under pressure. Moreover, they facilitate
the formation of high-strength plugs within these channels, mak-
ing them a highly effective solution (Bai et al., 2023a). However,
these materials are not suitable for reservoirs with large fractures
and caves under the condition of deep high temperature and high
pressure (Folayan et al., 2023; Lei et al., 2021). The resin plugging
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material has excellent properties such as heat resistance, pressure
resistance and non-flammability, so it can be used as a plugging
material alone or coated on the surface of bridging materials such
as mica, fiber, walnut shell, quartz sand and so on. Nestled within
the embracing warmth of the sidewall temperatures, the consoli-
dation strength undergoes a significant surge, thereby enhancing
the likelihood of successful plugging (Chukwuemeka et al., 2023;
Garcia et al., 2023).

The thermosetting resin will form a cross-linked network
structure during the curing process (Batista et al., 2021). It is
characterized by high temperature resistance, high pressure resis-
tance, not easy to burn, stable product size, but its brittleness.
Currently, there are mainly several thermosetting resins, such as
unsaturated polyester resin, epoxy resin, phenolic resin, urea-
formaldehyde resin and so on (Tamez and Taha, 2021; Xiao et al.,
2020; Yamanaka et al., 2021). Jiang et al. prepared SA/MPF-E44
composite microcapsules with sodium alginate/melamine
phenolic resin as shell and epoxy resin as core by in-situ poly-
merization (Jiang et al., 2021). The resultant melamine phenolic
resin, finely attuned through meticulous modifications, emerged as
a paragon of mechanical and thermal stability, embodying the
essence of a consummate self-repairing material. Sousa et al.
modified unsaturated polyester resin with nano-Al;03 and ZrO,
particles, and obtained unsaturated polyester resin composites
with significantly enhanced mechanical properties (Sousa et al.,
2017). The traditional cement slurry plugging material is
composed of gypsum, portland, cement, lime and other materials.
Due to cement's considerable specific gravity, its hardness upon
solidification typically exceeds that of the surrounding stratum.
Consequently, during subsequent drilling operations, there is a
substantial risk of creating a new wellbore, ultimately leading to
the abandonment of the original one (Arbad et al., 2021; Aslani
et al., 2022). In addition, the cement slurry will also pollute the
drilling fluid, resulting in the failure of the drilling fluid. A layer of
resin is coated on the surface of mica, fiber, walnut shell, quartz
sand and other materials to aggregate and form phase consolida-
tion after reaching the lost circulation layer. It can effectively
enhance the strength of the plugging layer and improve the success
rate of primary plugging (Lei S. et al., 2022).

Thermosetting resin material can adapt to different formation
temperature and pressure because of its own kind of richness and
excellent mechanical properties, heat resistance and chemical
resistance after modification (Hofmann et al.,, 2022; Wang and
Ning, 2018; Wang et al., 2022). It has great application potential
in the field of oil drilling and production engineering. Li et al.
prepared styrene-butadiene resin/nano-SiO, composite by contin-
uous emulsion polymerization and used it as a plugging agent for
oil-based drilling fluid to improve the plugging efficiency of shale
formation (Li et al., 2020). The resin plugging agent can enter the
nano-pores of shale formation and significantly reduce fluid inva-
sion, thus improving wellbore stability. Huang et al. synthesized a
kind of nano-acrylic resin/nano-SiO, composite with core-shell
structure for water-based drilling fluid (Huang et al., 2018). It can
improve the plugging efficiency of shale pores, reduce fluid inva-
sion and improve wellbore stability in the process of shale gas
drilling. Liu et al. prepared nano-SiO, modified epoxy resin by in-
situ polymerization and added it into cement injection material,
which shortened the setting time of composite slurry and improved
the stability of composite slurry (Liu W. et al., 2023). Meanwhile, it
can delay the hydration of cement and improve the early
compressive strength of the composite slurry. Batista and his col-
leagues employed a polyethylene terephthalate-modified polyester
resin as a plugging material, exhibiting remarkable compressive
strength and low viscosity (Batista et al., 2021). This innovative
material holds promising potential for applications in lost



J.-B. Yang, Y.-R. Bai, J.-S. Sun et al.

circulation control, as well as abandonment and remediation op-
erations. Lv et al. prepared an underwater high temperature and
slow curing epoxy resin plugging system, which can easily pass
through simulated formation fractures and be cured at 120 °C (Lv
et al, 2022). The cured epoxy resin has good compressive
strength and can effectively plug fractures, which can be applied to
drilling fluid plugging during oil and gas drilling. Knudsen et al.
prepared a thermosetting resin plugging agent for the successful
treatment of heavy oil mud losses in wells of offshore gas fields in
the Middle East (Knudsen et al., 2014).

In addition to plugging and modifying the formation, the resin
material also has the function of reservoir stimulation, gas well
workover, wellbore integrity restoration and old well rehabilitation
(Lightford et al., 2006; Purnama, 2011). Sinopec and Shell have
successfully applied resin plugging agents to increase reservoir
production by 50%, saving up to US$10 million compared to tradi-
tional water plugging agents (Li et al., 2020). In the realm of prac-
tical engineering, the application of resin plugging agent has a great
influence on the effect of sand control (Pal and Banat, 2014). Shell
injected resin and proppant into the reservoir to play a role in sand
control (de Paiva et al., 2023). Poor cementing quality is easy to
cause casing annular air discharge, gas to oil ratio is too high, and oil
production is generally low (Safaei et al., 2023). Resin injection is
used to block the casing and reduce the proportion of crude oil to
more than 1/10, so that the gas well can be put into production
again. In the process of oil well maintenance, resin plugging ma-
terial can be used to repair the oil well to ensure the integrity of the
oil well (Liu K. et al., 2023). Marathan Company provides an
example of using synthetic resin to repair borehole (Pu et al., 2022).
Saudi Aramco has developed a polymer resin system for repair
(Gautam et al., 2022), which can improve the mechanical proper-
ties of cement paste, especially the shear strength, so as to reduce
the annulus pressure of the casing.

Combined with the application characteristics of thermosetting
resin with strong deformability before curing and high strength
after curing, it can be predicted that thermosetting resin has a
broad application prospect in the field of drilling fluid plugging in
fractured formation. Therefore, a curing and controllable contin-
uous phase resin plugging material was developed based on the
principle of free radical polymerization and chemical synthesis. The
resin plugging material is a new type of continuous phase plugging
material with easy injection, strong filling, strong retention and
high strength underground curing or crosslinking. It is not limited
by fracture-cavity lose channels and can meet the basic re-
quirements of different fracture-cavity combination plugging of
fracture-cavity carbonate rocks. By comprehensively adjusting the
properties of water soluble curable resin and adding filling mate-
rials to reduce the cost, a plugging system with high temperature
curable resin as the main component was constructed, and its
chemical structure was characterized. Meanwhile, combined with
the rheological and curing characteristics of the resin plugging
system and the pressure plugging effect on fractures of different
scales, the curing kinetics and plugging mechanism of the resin
plugging system were explored. This study lays a theoretical
foundation for the wide application of thermosetting resin plug-
ging materials.

2. Experimental
2.1. Materials

Urea-formaldehyde resin (UF) is a linear urea-formaldehyde
oligomer obtained by addition polycondensation of urea and

formaldehyde aqueous solution under catalysis. Sodium carbox-
ymethyl cellulose (CMC-Na, 99.9%) and alkyl betaine (BT, 99.8%) are
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of analytical grade and purchased from Shanghai Mclean
Biochemical Company. 3-(methacryloxy) propyltrimethoxysilane
(KH570, 97%) is analytical grade and purchased from Aladdin
Chemical Reagent Co., Ltd. Ammonium chloride (NH4Cl, 99.5%),
hexamethylenetetramine (CgH12Ng4, 98%), sodium chloride (Nacl,
99.5%), calcium chloride (CaCl,, 96%) are all analytical grade and
purchased from Sinopharmaceutical Group Chemical Reagent Co.,
Ltd. Barite (BS, 100~160mesh), purchased from Shandong West Asia
Chemical Co., Ltd.

2.2. Preparation of urea-formaldehyde resin

The synthesis process of urea-formaldehyde resin mainly in-
cludes two stages: addition reaction and polycondensation reaction
(Fig. 1). The first stage is the addition reaction stage. In the neutral
or weakly alkaline environment (pH=7-8) formaldehyde reacts
with urea, which is dominated by hydroxymethylurea, dihydrox-
ymethylurea and other polycondensation intermediates. The type
and quantity of polycondensation intermediates vary with the
molar ratio of urea to formaldehyde. According to the steric hin-
drance principle of chemical functional groups, the more the
number of hydroxymethyl groups, the lower the ability of addition
and condensation of residual hydrogen atoms on the amino groups
of urea. The ratio of the rate of formation of monohydroxy and
dihydroxymethyl urea between formaldehyde and urea is 9:3. The
second stage is the polycondensation stage, in which the hydrox-
ymethyl on the hydroxymethyl urea molecule forms a linear or
reticular polymer in the form of cross-linking under the acidic
condition of pH value of 4—6. These linear and branched-chain
polymers can form three-dimensional network products when
the resin is cured, and finally get polymethylene urea which is
insoluble in water and organic matter, and then continue to react to
form a network structure of urea-formaldehyde resin.

2.3. Structural characterization

The chemical structure of resin plugging agent was tested by
fourier transform infrared spectroscopy (Nicolet iS50 FT-IR) (Yang
et al., 2023). Before testing, the cured resin plugging agent sam-
ple is cleaned with deionized water to remove the unreacted part,
and then the resin plugging agent sample is dried in a vacuum oven
and ground into powder. The sample was prepared by potassium
bromide tablet pressing method. The infrared spectrum scanning
range was 4000~400 cm~}, the scanning temperature was 25 °C,
the resolution was 1 cm~, and the scanning times was 8 times.

The microstructure of the cured sample of resin plugging agent
was analyzed by DXR intelligent laser confocal laser Raman spec-
trometer produced by Seamer Fisher Technology Co., Ltd., and the
chemical structure of resin plugging agent was determined by the
change of Raman displacement.

Thermogravimetric analyzer (TGA550, USA) was used to detect
the thermal stability of chemical bonds in resin plugging agent
powder. First, put the resin plugging agent into the oven at 105 °C to
remove water. During each measurement, the resin plugging agent
samples of 10—15 mg were put into a sealed pan and heated from
25 to 600 °C at the rate of 10 °C/min. The experiment was carried
out in nitrogen atmosphere of 50 mL/min.

The 3C CP/MAS NMR of the resin plugging agent was completed
on the JEOL-ECA400M superconducting nuclear magnetic reso-
nance instrument. The CP/MAS solid double resonance probe,
3.2 mm ZrO, rotor, MAS rotational speed of (15 + 0.003) kHz and
13¢C detection resonance frequency of 100.63 MHz were used. The
dipole dephasing experiment was carried out after CP. The chemical
shift was calibrated with the standard HMB (hexamethylbenzene).
The sampling time was /10 s, the pulse width was 0.478 s, the



J.-B. Yang, Y.-R. Bai, J.-S. Sun et al.

Petroleum Science 21 (2024) 3446—3463

(a)

o\ " NH,

\\C‘___NHz + A —_— o—C

/ A

HoN o H NHCH,OH
(b)
NH, H NHCH,OH
oO—C NS — o0=—=C
C
~ AN
NHCH,0H H o NHCH,OH

(c)

NHCH,OH y OH T—cm T—CH;OH
(1) c=—o0 + N c=—0 C==0 +nh,0

o/ 4 | |

Ny NH, 1 NH;
(d)

NHCH,0H NHCH,OH " OH N—CH, N—CH,0H
(n-1) c=—=o0 FE2NC==O D e =) C——0 + nH,0

©
| o/ Sy
OH NH, NH —CH,OH |, NH,

Fig. 1. Equation of addition polycondensation of urea-formaldehyde resin.

cycle delay time was 20 s, and the scanning times was 40000 times.

The microstructure of the resin plugging agent was character-
ized by Hitachi S-4700 field emission scanning electron microscope
(SEM). Carefully cut off the treated resin plugging agent sample to
obtain a new cross section. It is then mounted on the aluminum
root and sprayed with a thin layer of gold for scanning. Scanning
electron microscope imaging was performed under 10 kV.

TEM images were obtained by JEM-2100UHR transmission
electron microscope instrument, which works at 120 kV accelera-
tion and is equipped with GATAN-832CCD monitor and EDAX XM2-
30 X-ray spectrometer (Yang and Hou, 2020). A sample solution of
about 5 pL was injected into the carbon coating porous film by
microinjection to obtain the mesh formed across the film. After
10 s, the sample was immediately immersed in ethane at —165 °C.
Finally, the sample is transferred to liquid nitrogen (—196 °C) and
reversed until it is observed.

2.4. Rheological property

The rheological properties of the samples before curing of resin
plugging agent system were tested by HAAKE MARS 60 rotary
rheometer. The rotor used in the experiment is CC41/Ti (the
diameter of the rotor is 41 mm). The temperature of the test sample
is balanced for at least 30 min, and the temperature error is
controlled at +0.1 °C. The apparent viscosity, storage modulus (G')
and loss modulus (G") of resin plugging agent samples in linear
viscoelastic region were measured experimentally. The strain range
is v = 0.1%—1000%, and the frequency range is 0—20 Hz. In order to
ensure the accuracy of the data, the above rheological properties
tests were repeated three times.

2.5. Compressive strength

The urea-formaldehyde resin plugging material was solidified
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into a cylinder with a bottom diameter of 10 mm and a height of
10 mm. The compression mechanical properties were tested by
electronic universal testing machine (CMT4000 electronic univer-
sal testing machine, Shenzhen New Sansi material testing Co., Ltd.)
at room temperature. The compression speed was set to 3 mm/min,
and the stress-strain curve of the resin sample was recorded.

2.6. Differential scanning calorimetry

The curing kinetics of resin plugging agent was studied by dif-
ferential scanning calorimetry (DSC). The sample of 7—10 mg was
accurately weighed and put into the DSC instrument for tempera-
ture programmed scanning. The reference crucible was the same
type of empty crucible. The detection conditions are as follows: four
groups of different heating rates (8): 5, 10, 15, 20 °C/min. Under the
condition of N, atmosphere, the flow rate is 50 mL/min and the test
temperature range is 25—300 °C.

2.7. Plugging performance

The pressure bearing capacity of plugging materials is one of the
important parameters to evaluate the plugging effect (Bai et al.,
2023a). The plugging performance of curable resin to fractures
was studied by using high temperature and high pressure fracture
physical simulation device (Fig. 2). The simulated fracture core is
made of steel and the appearance is columnar. The fracture runs
through the longitudinal section of the steel column. The fracture
length is 30 cm, the fracture height is 3 cm, and the fracture width is
3, 5, 7 and 10 mm respectively. The plugging test steps are as fol-
lows: (a) Adjust the temperature of the heating box to the simu-
lated formation temperature 130 °C as required. (b) Put the steel
fractured core with the required fracture width into the core holder
and add confining pressure to 10 MPa. (c) Inject simulated drilling
fluid into the fractured core at the injection rate of 10.0 mL/min
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Fig. 2. Plugging device for high temperature and high pressure fractured core.

until it is saturated. (d) The curable resin solution is injected into
the fracture core at the injection rate of 10.0 mL/min until the resin
solution is completely produced at the fracture outlet and no more
aquatic products are produced. (e) The fracture core model is plug
and left for 8 h until the resin solution has finished reaction. (f)
Reverse injection of simulated drilling fluid into the fracture core at
the injection rate of 10.0 mL/min. The change of injection pressure
is recorded in real time by using data software, and the highest
pressure achieved is the pressure bearing capacity of resin to
fractures.

3. Results and discussion
3.1. Synthesis and optimization of resin plugging system

3.1.1. Synthesis of resin plugging system

Employing the methods of physical blending and chemical
modification, controllable curing resin plugging materials were
meticulously prepared through solution ring-opening polymeri-
zation. This involved the strategic utilization of a water-soluble
urea-formaldehyde resin as the resin matrix, sodium carbox-
ymethyl cellulose and dodecyl dimethyl betaine as flow pattern
regulators, a low molecular weight silicone compound as the resin
cross-linking agent, ammonium chloride and hexamethylenetet-
ramine as curing agents, and the judicious incorporation of inor-
ganic suspension materials. The reaction process is shown in Fig. 3.
During curing, the active groups such as hydroxymethyl, amide
bond and dimethylene ether bond in the resin will cross-link with
formaldehyde to form a three-dimensional network structure.
Meanwhile, there is free formaldehyde in urea-formaldehyde resin,
and the addition of curing agent ammonium chloride reacts with
free formaldehyde in urea-formaldehyde resin. Hydrochloric acid
was generated through the reaction of ammonium chloride with
water and its subsequent thermal decomposition, resulting in a
swift reduction of the pH value within the urea-formaldehyde
resin. This, in turn, triggered the curing of weak acids, a gradual
increase in molecular weight, and the ultimate formation of a
network structure resin. The addition of flow pattern regulator can
increase the viscosity and shearing force of resin solution and
improve the rheological morphology of resin solution. The cross-
linking agent of low molecular weight organosilicon compounds
contains epoxy, alkoxy and other active functional groups, one end
of which can react with the silanol groups on the surface of
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inorganic materials to form covalent bonds, and the other end can
form covalent bonds with resins. Two incompatible materials can
be crosslinked to form a network structure.

3.1.2. Formula optimization of resin plugging system

According to the performance requirements of plugging mate-
rials in lost circulation control technology, the plugging system of
controllable curing resin is determined to be composed of resin
matrix, modifier, flow pattern regulator, crosslinking agent, curing
agent and suspension agent. In order to further optimize the for-
mula of the resin plugging system, the optimal ratio was obtained
by orthogonal test by changing the resin concentration, flow
pattern regulator, cross-linking agent, curing agent and so on. The
orthogonal test scheme is shown in Table 1.

Through the above orthogonal test single factor analysis, with
the gradual increase of urea-formaldehyde resin concentration, the
curing time is gradually shortened, as shown in Fig. 4(a). As the
resin concentration reaches its zenith at 25%, the pinnacle of
plugging prowess is achieved, with a tantalizingly brief curing time
of 312 min, ensuring the fulfillment of drilling needs. The addition
of modifier can directly introduce hydrophilic groups or chain ex-
tenders containing hydrophilic groups into the urea-formaldehyde
resin prepolymers for chemical modification. After the urea form-
aldehyde resin is dissolved in water, the hydrophilic groups in the
molecule are oriented towards the water phase and can be stably
dispersed in water (Dorieh et al., 2022). As Fig. 4(b) unveils its se-
crets, when the modifier concentration is 1%, the curing time is
200 min, and the curing effect is better. Increasing the concentra-
tion of modifier and shortening the curing time can increase the
risk of drilling. Two incompatible materials can be crosslinked to
form a network structure by selecting a low molecular weight
organosilicon compound cross-linking agent with a special struc-
ture. As illustrated in Fig. 4(c), the increase of cross-linking agent
greatly shortens the curing time of the resin. When the amount of
cross-linking agent is 1%, the curing time is 300 min, and when the
amount of cross-linking agent is 10%, the curing time is only
160 min. Flow pattern regulator can increase the viscosity and
shearing force of resin solution and improve the rheological
morphology of resin solution (Bai et al., 2023b). For example,
Fig. 4(d) shows the curing effect of resin plugging material after
adding different concentrations of flow pattern regulator, and the
addition of flow pattern regulator accelerates the curing process to
a certain extent. When the concentration of flow pattern regulator
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Fig. 3. Schematic diagram of synthesis of curable resin plugging material.

Table 1
Orthogonal test table for optimizing the proportion of resin plugging materials.

Serial number Resin concentration, % Modifier, % Cross-linking agent, % Flow pattern regulator, % Curing agent, % Suspended material, %
1 10 1 1 1 1 1

2 15 2 3 2 2 3

3 20 3 5 3 3 5

4 25 4 7 4 6 7

5 30 5 10 5 10 10

is 1%, the curing time is 189 min, and the curing effect is the best.
The addition of curing agent has a significant effect on the curing
time of resin materials. As shown in Fig. 4(e), the curing time of
resin materials decreases with the increase of curing agent con-
centration. When the concentration of curing agent is 3%, the
curing effect is the best, and the curing time is 180 min. In order to
reduce the amount of resin and increase the curing strength of the
controllable curing resin, the inorganic suspension material is
preferably added to the resin plugging material solution to make it
disperse stably. As illustrated in Fig. 4(f), when the amount of
suspension material is 5%, the curing time can be controlled at
about 383 min, and the curing strength is higher. Through the
above orthogonal test results, the optimal formula and proportion
of resin plugging system were optimized as follows: 25% urea-
formaldehyde resin +1% modifier +1% flow pattern
regulator +1% cross-linking agent +3% curing agent +5% suspen-
sion material. The curing time is 180~400 min and the curing
temperature is 60 °C.

3.2. Structural characterization of resin plugging system

3.2.1. Spectral analysis

In this study, the main functional groups of curable urea-
formaldehyde resin prepared with different salinity brine have
strong absorption in infrared spectrum. As shown in Fig. 5(a), there
is strong absorption of 3000—3500 cm~! (—OH and —NH stretching
vibrations), 1630~1700 cm™~! (amide I band) and 1500—1600 cm™!
(amide 11 band) in the infrared spectra of urea-formaldehyde resin.
Meanwhile, all urea-formaldehyde resins contain hydroxymethyl
and ether bonds, which have a wide and strong absorption between
1150 and 1000 cm~! (among them, 1020 cm™! is from —CH,OH,
1070 cm~! near —CH,0CH,—). In addition, the absorption with
variable intensity near 840 cm™! is also characteristic of methylene
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ether bond, and the medium-strong absorption in the range of
780—800 cm ™! is considered to be the skeleton vibration of Uron
ring. The formation of intermolecular hydrogen bonds between
hydroxyl groups, amino groups, and combinations thereof within
pulse aldehyde resin gives rise to the phenomenon of association.
Consequently, this association leads to a shift in the stretching vi-
bration absorption peak of H and NH towards the low wavenumber
direction, resulting in a prominent and broadened absorption peak
centered approximately at 3350 cm~ . 1655 cm™! originates from
amide I band and 1540 cm~! is amide II band, which originates
from the coupling of bending vibration of NH bond in plane and
partial stretching vibration of C—N bond. With the progress of the
reaction, the characteristic peak of amide II band gradually shifted
to low wavenumber. This is because as the reaction goes on, the
degree of the reaction increases and the hydrogen on the amino
group is gradually consumed. However, due to the formation of the
hydrogen bond, the high shift of the peak wavenumber of the
amide Il band is reduced, and the non-directional S electrons in the
hydrogen orbital are increased (Li and Zhang, 2021). This is
conducive to bending vibration, not conducive to telescopic vibra-
tion. Due to the reaction of active hydrogen of amide group in urea
during the addition stage, several characteristic peaks of amide III
band appeared in the addition product, which were 1436, 1388 and
1130 cm™! respectively. The amide IIl bands of urea-formaldehyde
resin prepolymers and cured products appear near 1260 cm™ . It
shows that the prepolymer is mainly linear structure —NHCH,—,
and the cross-linked structure is formed by the reaction of amino
hydrogen in —NHCH,— during curing, so that the content of linear
structure decreases. There is an absorption peak near 1134 cm™’,
which results from the asymmetric stretching vibration of methy-
lene in N—CH,—N. This shows that a new methylene bridge struc-
ture is formed after hydroxymethyl polycondensation. The vicinity
of 1039 and 812 cm™! is attributed to the stretching vibration of
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Fig. 5. Spectral analysis of resin plugging materials: (a) infrared spectrum; (b) Raman spectrum.

C—0 bond in ether bond and O—H bond stretching vibration in Fig. 5(b). It can be seen from the figure that there are stretching
hydroxymethyl group (—N—CH,OH—) respectively. vibration peaks of —OH and —NH at 2967 cm™ . The stretching vi-
Raman spectra of curable urea-formaldehyde resins is shown in bration peak of carbonyl group is mainly shown in
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1639—1598 cm™ L. 1592—1403 cm ™! is the bending vibration peak of
CH,. The bending vibration peak of N—CH,—N is at 1390 cm~ .
1353—1330 cm ™! is the deformation stretching vibration peak of
—CHy, which shows the medium-strong peak of N—CH,—N.
1205-1041 cm~! is the weak vibration peak of —CH,OH.
788—998 cm~ ! is a strong absorption peak of N—CH,—N. There is an
obvious hydroxyl vibration peak at 705 cm~'. The comparative
analysis results of infrared spectra and Raman spectra are consis-
tent with the structural characteristics of curable urea-
formaldehyde resin samples, indicating that the synthesis ach-
ieved the desired purpose.

3.2.2. Thermogravimetric analysis

The thermogravimetric decomposition curves of urea-
formaldehyde resin cured samples prepared with brine of
different salines are shown in Fig. 6. It can be seen from the figure
that the initial pyrolysis temperature and maximum pyrolysis rate
of the urea-formaldehyde resin cured prepared with deionized
water are 181 and 229 °C at the heating rate of 10 °C/min. The initial
pyrolysis temperature and maximum pyrolysis rate of the urea-
formaldehyde resin cured with 50000 mg/L NaCl brine were 193
and 241 °C respectively. The initial pyrolysis temperature and
maximum pyrolysis rate of the urea-formaldehyde resin cured with
100000 mg/L NaCl brine were 205 and 253 °C respectively. This
shows that NaCl salt water can increase the initial pyrolysis tem-
perature of urea-formaldehyde resin cured products. Similarly, we
observed that the initial pyrolysis temperature and maximum py-
rolysis rate of urea-formaldehyde resin cured by adding 50000 mg/
L CaCl, brine were 199 and 253 °C respectively. The initial pyrolysis
temperature and maximum pyrolysis rate of the urea-
formaldehyde resin cured with 100000 mg/L CaCl, brine were
247 and 271 °C respectively. It can be seen that the urea-
formaldehyde resin cured with CaCl, or NaCl brine can increase
its thermal decomposition temperature, partially prevent the
thermal decomposition of urea-formaldehyde resin, and improve
its heat resistance to a certain extent. Meanwhile, CaCl, has a better
effect on increasing the thermal decomposition temperature than
NaCl, and the concentration of CaCl, brine can be appropriately
increased when preparing urea-formaldehyde resin curing.

I
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| 100000 mg/L NaCl

199 °C

TG, %

50000 mg/L CaCl,

193 °C |
N 50000 mg/L NaCl
181 °C |
|
| H,0
|
T T T T T T
0 100 200 300 400 500 600

Temperature, °C

Fig. 6. Thermogravimetric analysis of resin plugging materials.
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3.2.3. Solid state nuclear magnetic analysis

13C NMR has been widely accepted as the best method to
describe the structure of urea-formaldehyde resin at the molecular
level. Since 13C has P electrons outside its nucleus, its extranuclear
electrons are mainly paramagnetic shielded. In this case, the range
of chemical shifts of various compounds is very wide, and small
changes in the structure can cause significant differences in
chemical shifts, so the resolution is very high (Liu et al., 2022). Fig. 7
shows the curve of >C NMR to analyze the structural characteristics
of urea-formaldehyde resin cured samples. According to the anal-
ysis of 13C NMR spectrum, the signals of various functional groups
of urea-formaldehyde resin can be well resolved on *C NMR.
Among them, the absorption of chemical shift 252.3 ppm comes
from the carbonyl carbon of urea and its derivatives such as
hydroxymethylurea, Uron and so on. The absorption of chemical
shift 85.2 ppm originates from methylene ether bonds, including
free formaldehyde and its polymers. The absorption of chemical
shift —32.7 ppm comes from methylene (—CH,—). The formation of
methylene is beneficial to polycondensation, and the higher the
methylene content, the better the hydrolytic stability of the resin.
The results of 3C NMR analysis of the structure of urea-
formaldehyde resin are basically similar to those of spectral anal-
ysis, which shows that the curable urea-formaldehyde resin plug-
ging material is prepared successfully.

3.2.4. Microstructure

The microstructure of urea-formaldehyde resin plugging mate-
rial was characterized by scanning electron microscope and
transmission electron microscope. Based on the synthetic principle
of urea-formaldehyde resin plugging material, it can form a high
strength consolidation body with reticular structure after cross-
linking and curing, which is suitable for high pressure plugging in
fractured formation. For this reason, the microstructure of the
cured urea-formaldehyde resin plugging material was observed by
scanning electron microscope, as shown in Fig. 8(a). It can be clearly
seen from the figure that the active groups such as hydroxymethyl,
amide bond and dimethylene ether bond in the resin formed a tight
spatial network structure after cross-linking with formaldehyde. In
order to further observe the microstructure of urea-formaldehyde

2523 327
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|
c=—o0 l:o
|
NH, ,,rLH2
OH—~N——cH, N—CH,OH
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Fig. 7. Solid state NMR analysis of resin plugging materials.
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Fig. 8. Microstructure characterization of resin plugging material: (a) SEM; (b) TEM.

resin plugging material, it was also characterized by high-
resolution transmission electron microscope, as shown in
Fig. 8(b). It can be seen from the figure that the urea-formaldehyde
resin can be closely cross-linked to form a chain-like or reticular
structure after curing. The main reason is that the low molecular
organosilicon compound with special structure is selected as the
cross-linking agent, which contains epoxy group, vinyl group,
amide group, alkoxy group and other active functional groups. One
end can react with the silanol group on the surface of the inorganic
material to form a covalent bond, and the other end can form a
covalent bond with the resin, thus crosslinking the two incom-
patible materials to form a chain-like or reticular structure. In
summary, the results of transmission electron microscope and
scanning electron microscope are basically the same, which further
verifies that the urea-formaldehyde resin plugging material pre-
pared in this study has a tight chain-like or reticular structure.

3.3. Curing performance of resin plugging system

3.3.1. Rheological property of resin plugging system

In this study, HAAKE MARS 60 rheometer was used to test the
change of viscosity with shear rate and modulus with shear stress
before curing of urea-formaldehyde resin solution with different
concentration, as shown in Fig. 9. It can be seen that the solution of
urea-formaldehyde resin plugging system shows the characteristics
of non-Newtonian fluid. It can be seen from Fig. 9(a) that the vis-
cosity of urea-formaldehyde resin solution prepared by ionized
water is less affected by shear rate. The viscosity of urea-
formaldehyde resin solution with concentration less than 30% is
less than 10 mPa-s, and the viscosity of urea-formaldehyde resin
solution with 35% concentration is about 22 mPa-s. It can be seen
from Fig. 9(c) and (d) that the addition of NaCl and CaCl; brine can
increase the viscosity of urea-formaldehyde resin solution. The
viscosity of 25% urea-formaldehyde resin solution prepared by 500
and 10000 mg/L NaCl salt water is 33 and 26 mPa-respectively, and
the viscosity of 25% urea-formaldehyde resin solution prepared by
500 and 10000 mg/L CaCl, salt water is 91 and 32 mPa-s respec-
tively. Moreover, the urea-formaldehyde resin solution containing
NaCl and CaCl, brine exhibits a pronounced sensitivity to shear
rate. As the shear rate escalates, the viscosity gradually decreases.
Interestingly, higher salt concentrations result in lower overall so-
lution viscosities. Moving on to Fig. 9(b), which explores the
changes in storage modulus and loss modulus of the urea-
formaldehyde resin solution under varying shear stress condi-
tions, intriguing observations were made. As the shear stress in-
creases, both the storage modulus and loss modulus of the resin
solutions show an upward trend. The loss modulus consistently
surpasses the storage modulus, indicating favorable viscous char-
acteristics. These findings validate the favorable flow properties of
the urea-formaldehyde resin solution before solidification, making
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it convenient for pumping during drilling operations while miti-
gating construction risks. The non-Newtonian behavior of the resin
solution adds further complexity to its rheological nature,
enhancing its suitability for diverse applications.

3.3.2. Effect of temperature on curing properties

Temperature can affect the curing effect of urea-formaldehyde
resin plugging material. It can be seen from Fig. 10(a) that the
curing time of urea-formaldehyde resin decreases with the increase
of curing temperature. The curing time of urea-formaldehyde resin
at 40 °C is 336 min, the curing time at 60 °C is reduced by 35.7%—
216 min, and the curing time is only 42 min when the curing
temperature continues to rise to 100 °C. However, it should be
noted that the cured products formed at higher temperatures, such
as 80 and 100 °C, exhibit irregularities and varying degrees of
porous structures on their surfaces. This porous morphology
compromises the consolidation strength of the urea-formaldehyde
resin plugging material to some extent. To further investigate the
effect of temperature on the curing process, the compressive
strength of the urea-formaldehyde resin cured at different tem-
peratures was evaluated, as depicted in Fig. 10(b). The results reveal
a notable trend: the higher the temperature, the lower the
compressive strength of the cured urea-formaldehyde resin. The
compressive strength of urea-formaldehyde resin cured at 40 °C is
7.3 MPa. The compressive strength of urea-formaldehyde resin
cured at 60 °C is 5.8 MPa. The compressive strength of urea-
formaldehyde resin formed at 100 °C is only 4.1 MPa. These find-
ings indicate that as the temperature increases, a considerable
number of air bubbles form during the resin curing process,
resulting in varying degrees of porous structures in the cured
products. Therefore, through comprehensive comparative analysis,
it is concluded that the best curing temperature of urea-
formaldehyde resin plugging material is 60 °C and the curing
time is 216 min. At this temperature, the resin exhibits satisfactory
compressive strength, fulfilling the plugging requirements in the oil
field.

3.3.3. Effect of salt concentration on curing properties

Salt concentration plays a crucial role in the curing performance
of urea-formaldehyde resin plugging materials. In this study,
different concentrations of NaCl and CaCl; salt water were utilized
to prepare urea-formaldehyde resin plugging materials, and their
impact on the curing process was examined. The experimental
findings are presented in Fig. 11. Interestingly, it was observed that
both NaCl and CaCl, salt water effectively prolonged the curing
time of urea-formaldehyde resin plugging materials. As the con-
centration of salt water increased, the curing time also lengthened.
As depicted in Fig. 11(a), when the concentration of NaCl brine was
500 mg/L, the curing time was 100 min. However, with an increase
in NaCl salt water concentration to 100000 mg/L, the curing time
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extended to 156 min, demonstrating a 50% prolongation. Micro-
structure characterization of the cured urea-formaldehyde resin
samples further revealed the presence of a dense network struc-
ture, ensuring favorable compressive strength. Fig. 11(b) illustrates
the impact of different concentrations of CaCl, brine on the curing
time of urea-formaldehyde resin. The addition of CaCl; brine also
resulted in an extended curing time compared to the control group.
Notably, the effect of CaCl, brine was even more pronounced than
that of NaCl brine. At a concentration of 500 mg/L, the curing time
reached 138 min. With an increase in CaCl, salt water concentra-
tion to 100000 mg/L, the curing time further increased to 178 min.
The microstructure analysis of the solidified urea-formaldehyde
resin confirmed the presence of a denser reticular structure,
indicative of high-strength plugging capability.

In order to provide further evidence of the impact of salt con-
centration on the curing effect of urea-formaldehyde resin, a study
was conducted to evaluate the effect of NaCl and CaCl, composite
salt water on the curing time of urea-formaldehyde resin at
different temperatures. Additionally, the compressive strength of
the resulting consolidations was tested, as depicted in Fig. 12.
Fig. 12(a) reveals that as the concentration of NaCl and CaCl,
composite salt water increases, the curing time of urea-
formaldehyde resin extends. Moreover, a higher proportion of
CaCl; salt water leads to even longer curing times. For instance, the
curing time of urea-formaldehyde resin prepared with a compound
salt water concentration of 50000 mg/L NaCl +50000 mg/L CaCl; is
130 min at 40 °C. On the other hand, when the compound salt water
concentration is 100000 mg/L NaCl +100000 mg/L CaCly, the
curing time reaches 198 min. These findings highlight the superior
effectiveness of compound brine in prolonging the curing time of
urea-formaldehyde resin compared to a single saline solution.
Furthermore, it is worth noting that the curing time of urea-
formaldehyde resin prepared with composite brine decreases
with increasing temperature. To further elucidate the effect of
composite brine concentration on the curing performance of urea-
formaldehyde resin, the compressive strength of the prepared
urea-formaldehyde resin consolidations was examined. As illus-
trated in Fig. 12(b), the compressive strength of the urea-
formaldehyde resin prepared with a composite brine solution
surpasses that of the single brine solution. Additionally, the
compressive strength shows an upward trend with increasing
composite brine concentration. For instance, when the concentra-
tion of the composite salt water is 50000 mg/L NaCl +100000 mg/L
CaCly, the resin consolidation achieves an impressive compressive
strength of 41.5 MPa. In summary, these findings underscore the
importance of salt concentration in optimizing the curing perfor-
mance and mechanical properties of urea-formaldehyde resin
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plugging materials.

The microstructure of urea-formaldehyde resin consolidations
prepared using different concentrations of NaCl and CaCl, com-
posite salt water is depicted in Fig. 13. A close examination reveals
that the urea-formaldehyde resin cured with varying concentra-
tions of NaCl and CaCl, exhibits a dense network structure, with the
density of the cross-linking network increasing as the concentra-
tion rises. This can be attributed to the addition of NaCl and CaCl,
composite salt water, which facilitates the cross-linking of low
molecular weight organosilicon compounds. Consequently, the
active functional groups present in the cross-linking agent undergo
full reaction with resins and inorganic materials, resulting in the
formation of covalent bonds and an enhancement in the
compactness of the reticular structure. Moreover, it is worth noting
that the cured structure of urea-formaldehyde resin prepared with
compound salt water exhibits a denser configuration compared to
that formed using a single salt water solution. Through compre-
hensive comparative analysis, it is established that when the
composite salt water concentration is 50000 mg/L
NaCl +100000 mg/L CaClp, the resulting urea-formaldehyde resin
consolidation exhibits a highly compact network structure and
boasts exceptional compressive strength. Such characteristics
render it suitable for addressing the plugging requirements of
drilling fluid losses in fractured formations.

3.4. Curing kinetics of resin plugging system

3.4.1. Theoretical basis

In the practical curing of urea-formaldehyde resin, it is impor-
tant to consider the varied contributions of different elementary
reactions occurring at different stages of the process. The
complexity of these reactions makes it challenging to accurately
describe the overall curing process. The relationship between
activation energy and conversion can be obtained by conversion
method. The curing mechanism of urea-formaldehyde resin is
revealed from the side (Liu et al,, 2021). The degree of curing in
urea-formaldehyde resin exhibits a linear correlation with the
amount of heat released during the reaction. Eqs. (1) and (2) can be
employed to calculate the conversion and reaction rate, enabling a
comprehensive understanding of the curing process (Fernandez
et al.,, 2009).
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Fig. 12. Effect of composite brine concentration on curing effect of resin plugging material: (a) effect of NaCl and CaCl, composite brine concentration on curing time; (b) effect of

NaCl and CaCl, composite brine concentration on compressive strength.
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Fig. 13. Microstructure of cured sample of urea-formaldehyde resin plugging material prepared with compound brine concentration: (a) 50000 mg/L NaCl+50000 mg/L CaCl,; (b)
100000 mg/L NaCl+50000 mg/L CaCl,; (¢) 50000 mg/L NaCl+100000 mg/L CaCly; (d) 100000 mg/L NaCl+100000 mg/L CaCl,.

de dH/dt

A = KDf (@) (2)

de

In the formula, « is the conversion rate; dH/dt is the heat flux rate;
AH is the reaction heat; ¢ is the reaction time; f(«) is the reaction
model; k(T) is the reaction rate constant, which obeys the Arehe-
nius law of Eq. (3).

Ea>

RT

kT)=A exp( 3)

In the formula, A is the pre-exponential factor, E, is the apparent
activation energy, and R is the gas constant, 8.314 J/ (mol -K).

It is worth noting that the complexity of the curing process
necessitates the utilization of advanced techniques and mathe-
matical models to capture its intricacies. By investigating the acti-
vation energy-conversion relationship and employing conversion
methods, researchers can gain a deeper understanding of the un-
derlying curing mechanism in urea-formaldehyde resin. In the
realm of resin curing kinetics, Mdlek et al. have presented a
comprehensive approach that offers a systematic solution appli-
cable to the non-isothermal curing reactions of diverse resin sys-
tems (Malek, 1992). By examining the relationship between peak
exothermic temperature and heating rate at different rates, the data
can be analyzed using the Kissinger equation (Eq. (4)) to derive
meaningful insights (Mdlek and Criado, 1994).

3)

In the formula, T}, is the peak exothermic temperature at different
rates, and § is the heating rate. Drawing with In(6 /T3) to 1/ Tp, Ea
can be calculated according to the linear fitting slope. Then
substituted into Eqgs. (5) and (6), y(«) and z(a) were constructed to
determine the reaction kinetics model.

(4)
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v (5 )exn(57) (5)
z(a) =m(x) (%) % (6)

In the formula, m(x) is the temperature integral, which is usually
calculated by the Eq. (7) derived by Senum and Yang (1977).

x3 +18x% +88x + 96
x4 +20x3 + 120x2 + 240x + 120

T(X) =

(7)
In the formula, x = E;/RT. The function curves of y(«) and z(«a) with
respect to « are obtained by substituting the obtained E,, da/dt, T
and g into the Eqgs. (5)—(7). According to the normalized y(«) and
z(e) function curves, the conversion ay and af corresponding to
the corresponding maximum value and the conversion «p corre-
sponding to the maximum reaction rate were obtained respec-
tively. Malek's innovative method provides a practical means to
characterize and understand the intricacies of resin curing kinetics,
particularly in non-isothermal scenarios. By applying this method,
researchers can unravel the underlying mechanisms governing

resin curing processes, leading to improved understanding and
control over curing dynamics in a wide range of applications.

3.4.2. Characteristics of non-isothermal curing reaction

The dynamic behavior of the urea-formaldehyde resin plugging
material during the curing process is shown by DSC curve in Fig. 14.
Notably, the heating rates employed are 5, 10, 15, and 20 °C/min,
respectively. A careful examination of the graph reveals distinct
exothermic peaks across all heating curves. This observation im-
plies that, on a macroscopic level, the curing process can be
regarded as a kinetic interplay between epoxy groups and amino
groups. However, it is essential to acknowledge that the self-
polymerization of epoxy groups and the variability in amino ac-
tivity also exert a certain influence. Through comprehensive anal-
ysis of the exothermic curves illustrated in Fig. 14, valuable insights



J.-B. Yang, Y.-R. Bai, J.-S. Sun et al.

20 °C/min

e

15 °C/min

Heat flow, W/g

10 °C/min

7

5 °C/min

50 100 150 200 250 300

Temperature, °C

Fig. 14. DSC curves of cured samples of resin plugging materials at different heating
rates.

Table 2

Characteristic parameters of curing reaction of resin plugging material.
6, °C/min AH, J/g T;, °C Tp, °C
5 2315 85.1 177.8
10 240.6 105.7 240.5
15 241.3 116.6 243.8
20 245.5 1183 252.6

into the heat of reaction during the non-isothermal curing process
can be gleaned. Table 2 provides an overview of the characteristic
parameters extracted from the non-isothermal curing curves of the
resin plugging material at different heating rates. These parameters
include the reaction heat (AH), initial reaction temperature (T;), and
peak temperature (Tp). Intriguingly, as the heating rate escalates,
the exothermic curve widens, accompanied by an increase in both
the initial temperature and peak temperature. This phenomenon
can be attributed to the heightened heating rate, which exacerbates
the temperature lag, thereby resulting in a shift of the curing re-
action temperature towards higher values. Furthermore, it is
noteworthy that the reaction heat remains relatively stable across
different heating rates. This observation suggests that the ultimate
reaction degree of the resin plugging material's curing reaction
remains largely consistent, irrespective of the employed heating
rate. The DSC analysis, accompanied by the corresponding charac-
teristic parameters, provides valuable insights into the non-
isothermal curing process of urea-formaldehyde resin plugging
material. These findings contribute to a better understanding of the
underlying dynamics and behavior of the resin during curing,
paving the way for enhanced control and optimization of the curing
process in various applications.

3.4.3. Conversion rate

The relationship between the conversion rate of resin plugging
materials and temperature is shown in Fig. 15. Notably, the curve
exhibits an approximately S-shaped pattern, thus enabling the di-
vision of the urea-formaldehyde resin curing process into three
distinct stages. In the initial stage, the lower temperature restricts
the availability of active sites within the system, consequently
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Fig. 15. Relationship between conversion rate of cured sample of resin plugging ma-
terial and temperature.

leading to a gradual increase in conversion. As the reaction pro-
gresses into the middle stage, the ambient temperature rises,
triggering autocatalysis phenomena that liberate a substantial
amount of heat. This heat release serves as a catalyst for the curing
reaction, facilitating a rapid surge in conversion. In the initial stage,
the lower temperature restricts the availability of active sites
within the system, consequently leading to a gradual increase in
conversion. As the reaction progresses into the middle stage, the
ambient temperature rises, triggering autocatalysis phenomena
that liberate a substantial amount of heat. This heat release serves
as a catalyst for the curing reaction, facilitating a rapid surge in
conversion. The S-shaped curve depicted in Fig. 15 encapsulates the
intricate dynamics of the urea-formaldehyde resin curing process.
By comprehending the distinct stages and the underlying factors at
play, researchers and practitioners can devise strategies to optimize
and control the curing process, ensuring desired outcomes in
various resin plugging applications.

-96 -
y=2.88x-4.23
-9.8 1 r2=0.99517
E. = 23.94 kJ/mol
_ -10.0 A
‘L&
=
S8
c
= -102 4
-10.4
-10.6
-225 -220 -215 -210 -205 -200 -195 -190 -1.85

(=1/T)(103 K)

Fig. 16. Relationship between In(f /Tg) and —1/T,, of cured samples of resin plugging
material.



J.-B. Yang, Y.-R. Bai, J.-S. Sun et al.

3.4.4. Apparent activation energy

The peak temperature Tp and the heating rate § are substituted
into the Eq. (4), and the relation curve of In(6 /TS) and -1/ Ty is
drawn as shown in Fig. 16. By fitting the data points, it can be seen
that the linear correlation between the data points is good, and the
correlation coefficient is r> = 0.99517. Therefore, according to Eq.
(4), the apparent activation energy of urea-formaldehyde resin
plugging material can be calculated to be 23.94 kJ/mol. In com-
parison to the typical activation energy range of 50—70 kJ/mol
observed in epoxy resin systems (Zhang and Vyazovkin, 2005), the
apparent activation energy of the urea-formaldehyde resin system
is notably lower. This disparity is primarily attributed to the unique
molecular structure of the siloxane present in the crosslinking
agent of low molecular weight organosilicon compounds. During
the curing process, the flexible nature of the siloxane main chain
mitigates steric hindrances, facilitating the migration of reaction
groups and subsequently leading to a lower apparent activation
energy. Conversely, the abundance of rigid segments in epoxy resin
systems restricts the movement of chain segments, consequently
increasing the apparent activation energy. The identification of this
disparity in activation energy between urea-formaldehyde resin
and epoxy resin systems sheds light on the underlying molecular
dynamics governing the curing processes. This knowledge serves as
a valuable guide for researchers and industry professionals seeking
to optimize the curing conditions and enhance the performance of
resin systems in a variety of applications.

3.4.5. Non-isothermal curing kinetic equation

The relationship between conversion rate and reaction rate of
urea-formaldehyde resin curing system at different heating rates is
shown in Fig. 17(a). Under different heating rates, the reaction rate
of the system increased at first and then decreased, and the

(a) 008
—=— 5°C/min
—e— 10 “C/min
~—#&— 15 °C/min
—w— 20 °C/min

a—a

(da/dt), min-!

(c) 12

—— 5 °C/min
—@— 10 °Clmin
| —A— 15°Cimin
—w— 20 °C/min

2(a)

a

Fig. 17. Functional fitting curves of resin plugging materials at different heating rates:

In[(de /dt)exp(Eq /RT)] and In[a™/"(1 — «)] function fitting curve.
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maximum reaction rate ap was between 0.419 and 0.518. With the
increase of heating rate, the maximum reaction rate gradually
moved to the right. This is attributed to the temperature lag effect.
According to Malek method, the above data such as E,, de/dt, T and
@ is substituted into Egs. (5) and (6), and the normalized curves of
functions y(«a) and z(«) are obtained as shown in Fig. 17(b) and (c),
respectively. It can be seen from the diagram that at different
heating rates, the normalization curves of y(«a) and z(«a) basically
overlap, and the maximum conversion rates ay and af are be-
tween 0.198—0.215 and 0.467—0.532, respectively.

From the data in Table 3, it can be seen that the conversion
characteristic peak value of urea-formaldehyde resin curing system
satisfies ay <ap <ap. According to Madlek method, it can be
determined that the curing kinetics of urea-formaldehyde resin
plugging material accords with the SB(m, n) model shown in Eq. (8).

qr=Aexp (;55*) a™(1—a)" (8)

In the formula, m and n are the reaction order, and the relationship
between them satisfies the Eq. (9).

Table 3
Characteristic peak of conversion of cured samples of resin plugging materials at
different heating rates.

6, °C/min ap ayp ay

5 0419 0.198 0.467

10 0.485 0.215 0.493

15 0.493 0.208 0.510

20 0518 0.201 0.532
(b) 12

—®— 5°C/min
—— 10°Cimin
o —A— 15°C/min
—w— 20 °C/min

y(a)

0.2

(d)
—m— 5°Cimin
—@— 10°C/min
01 —A— 15°C/min
—w— 20 °C/min
—— Fitting curve

y=1.122x+0.854
r?=097828

34

In[(da/dt)exp(EL/RT)]

-4 4

Infe™(1-a)]

(a) conversion « and da/dt; (b) y(«) function curve; (c) z(«) function curve; (d)
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(9)

T/ (1~ aw)

The natural logarithms on both sides of Eq. (8) are sorted out:

da Ea _ m/n
(a>exp(ﬁ)} = lnA+nln[a 1-0a

E,, da/dt, « and m/n are substituted into the Eq. (10), and the
relationship between In[(da/dt)exp(Ea/RT)] and In[a™/(1 — a)] is
drawn and fitted linearly. The reaction order n, m and InA are
determined by the slope and intercept of the fitting line, and the
complete SB(m, n) model parameters are obtained. Fig. 17(d) shows
the linear fitting line of In[(da/dt)exp(Ea/RT)] for In[a™™(1 — a)]
when the conversion rate of urea-formaldehyde resin curing sys-
tem is in the range of 0.1—-0.9. It is found that the linearity is good at
each heating rate. A = 2.349, m = 0.295 and n = 1.122 are calcu-
lated according to the line slope and intercept of the linear fitting
curve. According to the calculated results, m=0 and n are obviously
larger than m, which indicates that both autocatalytic reaction and
non-autocatalytic reaction take place in the curing process, and the
autocatalytic reaction contributes more to the whole curing reac-
tion. Therefore, the curing kinetic equation of the urea-
formaldehyde resin plugging system calculated according to the
SB(m,n) model can be obtained by substituting the calculated E,,
da/dt, 8, A, m and n into the Eq. (8), as shown in the Eq. (11).

In (10)

da

de

—23.94

RT (11)

=2.349 exp( >a°-295(1 — )12 ae0,1]

3.5. Plugging mechanism of resin plugging system

3.5.1. Pressure bearing capacity of resin plugging materials

Once the urea-formaldehyde resin plugging system is injected
into the fractured formation, it swiftly finds its place within the
fracture space, solidifying and cross-linking under the influence of
the formation's temperature. This transformative process culmi-
nates in the formation of a robust consolidation body, effectively
thwarting any potential drilling fluid loss and ensuring the integrity
of the plugging system (Nasr-El-Din and Taylor, 2005). Fig. 18
vividly showcases the exceptional pressure bearing capacity of
the urea-formaldehyde resin plugging system when faced with
diverse fracture types. It can be seen from Fig. 18(a)—(c) that the
urea-formaldehyde resin plugging system can be completely filled

(a) (b)

(d)

Plugging pressure, MPa
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in the fractures under the condition of high temperature. Following
the completion of the curing process, the resulting consolidation
body exhibits remarkable cohesiveness, minimal gravitational set-
tlement, and an evenly distributed structure within the fractures.
This consolidation body boasts exceptional toughness and effec-
tively plugs the fractures, providing a reliable barrier against fluid
migration. In Fig. 18(d), the plugging pressure of the resin system in
parallel fractures and wedge-shaped fractures unfolds before our
eyes. With the steady injection of fluid, the plugging pressure
gradually mounts until it reaches its zenith, at which point the
pressure abruptly drops as the plugging system succumbs to the
force exerted by the fluid. Concurrently, the resin plugging material
begins to discharge through the core outlet, signifying the defor-
mation and rupture of the urea-formaldehyde resin structure under
the strain of fluid pressure. The maximum pressure bearing and
plugging capacities of the resin plugging material for different
fractured cores are neatly summarized in Table 4. A glimpse at the
table reveals that the resin plugging material can withstand an
impressive maximum plugging pressure of 9.92 MPa for parallel
fractures with an exit size of 3 mm. Likewise, for wedge-shaped
fractures with an exit size of 5 mm, the maximum plugging pres-
sure reaches an impressive 9.90 MPa. As the fracture size increases,
the plugging pressure diminishes accordingly. Nevertheless, even
when confronted with a wedge-shaped fracture boasting a 10 mm
exit size, the resin plugging material retains a remarkable
maximum plugging pressure of 7.62 MPa, forming a robust plug-
ging layer with exceptional strength. These findings underscore the
exceptional performance and versatility of the urea-formaldehyde
resin plugging system, cementing its status as a highly effective
solution for fracture plugging in a range of applications.

3.5.2. Plugging mechanism of resin plugging materials

In essence, the urea-formaldehyde resin plugging material sys-
tem exhibits remarkable adaptability to various fracture types, such
as parallel and wedge-shaped fractures, as well as different sizes. It
adeptly forms high-strength consolidation bodies under specific
temperature conditions, delivering an efficient plugging solution
(Fig. 19). Comparatively speaking, when considering fractures with
identical outlet sizes, the urea-formaldehyde resin plugging system
demonstrates a higher breakthrough pressure in wedge-shaped
fractures than in parallel fractures. This discrepancy can be attrib-
uted to the opposing forces and viscous resistance that the urea-
formaldehyde resin plugging system encounters within the
wedge-shaped fracture. These counteracting forces effectively
impede the erosive impact of the fluid, thereby increasing the
maximum breakthrough pressure. In parallel fractures, the

Parallel fracture entrance is 3 mm, exit is 3 mm
Parallel fracture entrance is 5 mm, exit is 5 mm
Wedge fracture entrance is 5 mm, exitis 3 mm
Wedge fracture entrance is 7 mm, exitis 5 mm
Wedge fracture entrance is 9 mm, exitis 7 mm
Wedge fracture entrance is 12 mm, exitis 10 mm

500 1000 1500 2000 2500 3000

Time, s

Fig. 18. Plugging experiments with resin plugging materials: (a) steel fracture core entrance; (b) steel fracture core exit; (c) steel fracture core filling profile; (d) steel fracture core

plugging pressure.
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Table 4
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Pressure bearing and plugging capacity of resin plugging materials for different types of fractured cores.

Fracture type Entrance size, mm

Exit size, mm Plugging pressure, MPa

Parallel fracture

3
5
Wedge-shaped fracture 5
7
9
1

N

9.92
9.78
9.90
9.48
8.10
7.62

= U wuWw

- Resin material

I oriing i

n Fractured formation w Fractured formation
Fp1 Formation force F, Viscous resistance
F, Formation force F Fluid pressure

2

G

4 Resin curing

Resin gravity

s

Resin microstructure

1Plugging mechanism

Foo
G

Fig. 19. Schematic diagram of plugging mechanism of urea-formaldehyde resin plugging system in fractured formation.

resistance to fluid impact pressure is primarily attributed to viscous
resistance alone, resulting in a relatively lower breakthrough
pressure. Additionally, it is worth noting that smaller outlet sizes at
the fracture's end yield greater breakthrough pressures for the resin
plugging system, subsequently enhancing the overall effectiveness
of the plugging process. These observations further underscore the
versatility and efficacy of the urea-formaldehyde resin plugging
material system, providing valuable insights into its application in a
range of fracture types and sizes.

4. Conclusion

In this study, water-soluble urea formaldehyde resin served as
the primary plugging material, while a low molecular weight
organosilicon compound functioned as the crosslinking agent.
Additionally, ammonium chloride and hexamethylenetetramine
were employed as curing agents. Through solution step-opening
polymerization, a controlled curing resin plugging material with a
dense cross-networking structure was meticulously prepared. Its
curing time can be adjusted in the range of 3—7 h, which can be
used to plug drilling fluid losses of different fracture scales. The
resin plugging system showcased exceptional rheological and
curing properties. When the concentration of urea-formaldehyde
resin remained below 30%, the viscosity of the resin solution
clocked in at less than 10 mPa-s, making it an ideal choice for
plugging operations. Additionally, the optimum curing tempera-
ture of 60 °C demonstrated remarkable salt tolerance. When a
composite salt water solution containing 50000 mg/L NaCl and
100000 mg/L CaCl, was employed, the resulting urea-
formaldehyde resin consolidation boasted an even denser
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network structure, leading to an impressive compressive strength
of 41.5 MPa. By delving into the characteristic parameters of the
non-isothermal differential scanning calorimetry (DSC) curing re-
action, a profound understanding of the relationship between
conversion and apparent activation energy was achieved. It was
ascertained that the curing kinetic equation of the urea-
formaldehyde resin plugging system adhered to the SB(m,n)
model. In addition, the resin plugging system exhibited exceptional
pressure bearing and plugging capacities across fractures of various
sizes. It effectively took up residence within parallel and wedge-
shaped fractures of different dimensions, forging robust consoli-
dation bodies when subjected to specific temperature conditions.
The maximum plugging pressure for parallel fractures, featuring an
outlet size of 3 mm, soared to an impressive 9.92 MPa. Likewise, for
wedge-shaped fractures with an outlet size of 5 mm, the maximum
plugging pressure reached an equally remarkable 9.90 MPa. The
resin plugging material investigated in this study is a continuous
phase material that offers effortless injection, robust filling capa-
bilities, exceptional retention, and underground curing or cross-
linking with high strength. Its versatility is not constrained by
fracture-cavity lose channels, making it suitable for fulfilling the
essential needs of various fracture-cavity combinations when
plugging fracture-cavity carbonate rocks.
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