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Abstract:

Lost circulation is a common and complex downhole accident in the process of oil and
gas drilling. Traditional bridge plugging material has the limitation of poor adaptability
to lost formations. Therefore, this study synthesized a new self-healing plugging material
to improve the plugging success rate; specifically, the hydrophobic association polymer
lauryl methlacrylate-acrylamide-acrylic acid containing Fe3* was modified via curdlan
to form a composite gel with high strength and self-healing properties. The self-healing
time, mechanicalness and rheological properties of the self-healing gel were systematically
evaluated. The results showed that the modification of curdlan could significantly improve
the mechanical properties and rheological strength of self-healing gel, and the chelating
structure formed by Fe’T and carboxyl groups could further enhance the mechanical
properties of the self-healing gel. Toughness and storage modulus of the LFj ;5C; self-
healing gel with the introduction of curdlan and Fe?* could reach 30.2 kJ/m> and 3,458 Pa,
respectively. Compared with conventional gel materials, composite gels with self-healing
properties exhibited better pressure-bearing capacity of 2.5 MPa, and could effectively
avoid causing plugging at the entrance of the fractures by high-concentration inert material
and improve the pressure-bearing capacity. In addition, the plugging mechanism of the
self-healing gel modified via curdlan in formation fractures was analysed in detail. The
self-healing gel modified via curdlan prepared in this work has application potential as a
lost circulation material in the field of oil and gas drilling.

1. Introduction

Lost circulation refers to the phenomenon in which well-

used method is bridging plugging method; in the method, a
certain amount of bridging plugging material is added to the
drilling fluid according to the construction situation, and as the

bore working fluid leaks into the formation due to the dif-
ferential pressure during downhole operations, such as oil
and gas drilling, cementing, and testing (Abbas et al., 2019;
Alkinani et al., 2019). Lost circulation is a popular and
difficult problem in the field of oil and gas engineering. It
not only consumes a large amount of working fluid loss but
also directly causes major economic losses. Lost circulation
also increases nonproduction time, prolongs drilling cycle,
affects the exploration and development process, and even
induces accidents, such as sticking, well collapse and blowout
(Mansour et al., 2019; Zhao et al, 2019; Tang et al., 2022).
Due to the complex problem of lost circulation, a commonly
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drilling fluid enters the lost circulation formation, the plugging
layer is formed by filling and stacking to reduce the leakage
rate and achieve plugging (Alhaidari et al., 2022). However,
this method has the disadvantages of weak interaction between
inert material interfaces and poor matching with fractures.
Therefore, inorganic plugging materials, polymer plugging
materials and other plugging materials have also extensively
been studied (Pandya and Naik, 2016; Lian et al., 2018).
Among them, gel material is a typical polymer plugging
material, has been developed due to its excellent deformability
and compactness, and is widely used in the field of petroleum
engineering (Al-Ibadi and Civan, 2013; Ahdaya et al., 2022).
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Self-healing gels is a gel system formed by reversible
dynamic bond links such as ionic bonds, hydrogen bonds, hy-
drophobic association, and DA reactions (Feldner et al., 2016;
Wang et al., 2023). The self-healing gel can spontaneously heal
after being destroyed to complete the recovery of structure and
function (Taylor and Panhuis, 2016; Christopher et al., 2020).
Due to its unique self-healing properties, self-healing gels
has been widely studied and applied in many fields in recent
years, and their application in the field of conformance control
and water shutoff agents has also been gradually carried
out (Schuman et al., 2022). Thermo-elastic and self-healing
polyacrylamide-2D nanofiller composite hydrogels was ap-
plied to water shutoff treatment (Michael et al., 2020). The
particle gels with recrosslinking properties have been used to
treat the problem of void space conduits and repair the ”short-
circuited” waterflood in Alaska’s West Sak field (Zhao et al.,
2023). However, there are few reports on the self-healing gels
as lost circulation material (LCM), and the stability of self-
healing gels during the formation is still a major challenge
(Bai et al., 2022). Due to the considerable heterogeneity of
the traditional self-healing gel structure, single crosslinking
mode and lack of an effective energy dissipation mechanism,
its mechanical properties are poor (Hussain et al., 2018).

Hydrophobic association is a reversible physical action that
is usually formed by hydrophobic monomers and surfactants
through hydrophobic lipophilic interactions (Tuncaboylu et al.,
2011). As a network cross-linking point, the hydrophobic asso-
ciation microregion has a dynamic association-disassociation
balance, provides good self-healing performance of the gel.
Moreover, due to the strong binding energy of the hydrophobic
association and the stability in a water environment, the
hydrophobic part of the polymer chain can be removed from
the free radical micelle to dissipate energy (Davydovich and
Urban, 2020). Curdlan is a linear macromolecular polysaccha-
ride linked by f3-1,3-linked glucose bonds. The most special
property of curdlan is its ability to be heated into gel (Aquinas
et al., 2022). When curdlan is heated to 55~80 °C, curdlan will
form a thermally reversible gel. When the heating temperature
is higher than 80 °C, the gel formed by curdlan is a thermally
irreversible gel, and the gel will not dissolve after heating to
120 °C (Hino et al., 2003). At present, there are few reports
on lost circulation control using curdlan. Therefore, modifica-
tion of hydrophobically associating polymers by curdlan has
important research significance.

In this work, lauryl methlacrylate (LMA) was used as a hy-
drophobic monomer, acrylamide (AM) and acrylic acid (AA)
were used as hydrophilic monomers to form a hydrophobic
association polymer LMA-AM-AA with self-healing prop-
erties. Then Fe’' and curdlan were introduced to form a
composite gel with the polymer LMA-AM-AA, and the me-
chanical strength was improved. The physical and chemical
properties of the self-healing gel were studied via Fourier
transform infrared spectroscopy (FT-IR), scanning electron
microscope (SEM) and thermogravimetric analysis (TGA).
The self-healing time, mechanical properties and rheological
properties of the self-healing gel were systematically studied.
The effects of reaction temperature, pressure and time on the
rheological strength of the self-healing gel were investigated.
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Table 1. Components for the preparation of the different

samples.
Samples FeCl3-6H>0 (g) Curdlan (g)
LFyCo 0 0
LFo.15Co 0.15 0
LFyC, 0 2
LF¢.15C2 0.15 2
LFp.05C 0.05 2
LF¢.25C2 0.25 2
LFo.15C1 0.15 1
LFo.15C3 0.15 3

The plugging performance of the self-healing gel was also
investigated.

2. Materials and methods

2.1 Materials

Acrylamide (AM, 99%), acrylic acid (AA, 98%), lau-
ryl methlacrylate (LMA, 99%), sodium dodecyl sulfate
(SDS, 99%), N, N-methylenebisacrylamide bis-acrylamide
(MBA, 99%), sodium chloride (NaCl, 99.5%), calcium chlo-
ride anhydrous (CaClp, 96%), ferric chloride hexahydrate
(FeCl3-6H;,0, 99%) and ammonium persulphate (APS, 99%)
were obtained from McLean Technology Co., Ltd, Shang-
hai, China. Curdlan was purchased from Shandong Zhongke
Biotechnology Co. Ltd, Shandong, China.

2.2 Preparation of self-healing gels

First, 0.15 g FeCl3 -6 H,0O was added to a 0.5 mol/L NaCl
solution. Then 7 g SDS was added and dissolved at 35 °C for 2
h. Next, 0.8 g LMA was added to the above solution and stirred
at 35 °C for 4 h. After, 17 g AM and 6.5 g AA were added
and stirred for 1 h. Different amounts of curdlan were slowly
added to the above solution and stirred at room temperature
for 30 h. Finally, 0.2 g APS was added, stirred and used to
dissolve the obtained dispersion in a 45 °C water bath for 4 h;
the mixture was then placed in a 90 °C water bath for 30 min
to obtain the curdlan-modified self-healing gel. To investigate
the effects of different components, samples with different
formulations were prepared (Table 1), and the amounts of
LMA, AM and AA in all samples were 0.8, 17 and 6.5 g,
respectively. In contrast, conventional gels (PAM) without self-
healing properties were prepared by using monomers (AM,
AA) and 0.1% (wt% to total monomer) of MBA. All prepared
gels were cut into small pieces, and then dried in vacuum at
50 °C for 30 h. Finally, the prepared samples were crushed
into gel particles with a particle size of 1-3 mm.

2.3 Characterizations

The functional groups in the self-healing gels were de-
termined by Fourier transform infrared spectroscopy (FI-IR,
WQF520, Beijing, China) with the assistance of KBr in a
wavenumber range of 4,000~800 cm~'. Morphology of self-
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healing gels were characterized using a scanning electron
microscope (SEM, ZEISS EVOI18, Oberkochen, Germany) at
5 and 15 kV acceleration voltage, and all the samples were
freeze-dried and coated with Au before the measurement.
Thermal stability of self-healing gel was measured through
thermogravimetric analysis (TGA, NetzschSTA449F3, Selb,
Germany) in a nitrogen atmosphere with a heating rate of 10
°C/min that changed from ambient temperature to 500 °C.

2.4 Self-healing time and swelling behaviour
measurements

Self-healing time of the samples were determined via the
bottle test method. The self-healing gel particles were added
to 5% bentonite to prepare a dispersion with a gel particle
concentration of 10%. After stirring, they were placed in an
oven at 90 °C. The morphology of the sample was examined
every 0.5 hour. The self-healing time was divided into the self-
healing start time and end time. The self-healing start time was
the time when a weak correlation occurred between the gels,
and the end time was the time when the boundary between
the gels disappeared and became a whole gel. In our study,
the self-healing time was defined as the time from when the
sample was placed in the oven to the end of the self-healing
process.

Swelling behaviour of gel particles in bentonite mud was
measured. Specifically, the gel particles with initial mass My
were placed in an excess of 5% bentonite mud and swelled at
different temperatures. The mass M, of the gel was recorded
at intervals, and the swelling ratio (R) of the sample was
determined:

R= M, — Mo (1)
My
where My and M, are the mass of the sample at the initial time
and time ¢, respectively.

2.5 Mechanical and rheological tests

Mechanical (tensile and compressive properties) tests of
self-healing gel were performed by a universal electromechan-
ical tester (WH-50, Weiheng, China). For the uniaxial tensile
test sample, the sample was cut into a rectangular shape with a
length of 50 mm, a width of 15 mm, and a thickness of 5 mm;
a tensile rate of 60 mm/min and the distance between the two
fixtures of 25 mm were used for this test. For the compression
test sample, the sample was prepared into a cylinder with a
diameter of 10 mm and a height of 15 mm; a compression rate
of 5 mm/min and compression to 90% compression strain were
used for this test.

The rheological test of the self-healing gel was carried
out by a rotary rheometer (MCR 320e, Anton Paar, Austria)
with a plate spacing of 1 mm. A fixed frequency of strain
scanning was 6.28 rad/s, and the strain amplitude scanning
range was 0.1%~1000%. The viscoelastic range of the self-
healing gel was determined by the strain scanning. In the
viscoelastic range of the sample, the strain was fixed at 1% and
the frequency scanning was carried out in the frequency range
of 0.1~100 rad/s. Finally, the curves of storage modulus G’
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and loss modulus G” with strain and frequency were obtained.
The value of G was the average value of G’ in the viscoelastic
interval.

2.6 Effect of reaction time, pressure and
temperature on self-healing gel properties

Effect of reaction time, pressure and temperature on
self-healing gel properties were investigated by a tempera-
ture—pressure reaction device (Figs. S1 and S2). The self-
healing gel particles were added to 5% bentonite mud to
prepare a dispersion with a gel particle concentration of 10%,
and then the dispersion was placed in the reactor. After it was
completely absorbed, the pressure was injected into the reactor
through the hydraulic pump and the reaction temperature was
set. After the reaction, the gel was removed from the reactor,
and the rheological properties of the self-healing gel were
tested via rheometer.

2.7 Plugging performance tests

The plugging performance of the self-healing gel was
evaluated. Through the plugging evaluation device (Figs. 1
and S3), the sample particles were initially mixed with 5%
bentonite mud to prepare a plugging slurry with a self-healing
gel particle concentration of 10%. Then the plugging slurry
was injected into the fractured metal core (length of 150
mm, inlet and outlet fracture widths of 3 mm and 1 mm,
respectively) at a speed of 5 mL/min with an advection pump.
Next, the fractured metal core was placed in an ageing tank
containing 20 mL bentonite mud and kept at 90 °C for 12 h.
After, the fractured metal core was placed in the holder, the
liquid outlet valve was opened, and 2 L bentonite mud was
injected into the container. The displacement pressure was set
to 0.5 MPa, and 0.5 MPa was increased every 2 min until
the liquid continuously flowed out from the outlet. When the
shell is used as LCM, the initial pressure and pressure gradient
are both 1 MPa. At this time, the maximum pressure was the
pressure bearing capacity of the sample.

3. Results and discussion

3.1 Synthesis of the self-healing gel

The self-healing gel modified by curdlan was prepared by
a simple method, and the synthesis scheme is shown in Fig.
2. Initially, under the action of heating and an initiator, the
solubilized hydrophobic monomer (LMA) in the SDS micelle
was copolymerized with the hydrophilic monomer (AM, AA)
via free radical addition polymerization to form the LMA-AM-
AA polymer, and the solubilized SMA in the SDS micelle was
polymerized to form P(LMA) as a hydrophobic association
crosslinking point (Qin et al., 2018). The carboxyl group on
the polymer chain formed a coordination chelating structure
with Fe3*. Then, under further heating, the internal molecular
chain of curdlan was transformed into a six-fold triple helix
structure, and the gel was further formed via the hydrophobic
interaction between the methyl groups of d-glycosyl residue
C-6 on different molecular chains (Hino et al., 2003; Ye et al.,
2020).
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Fig. 1. Schematic diagram of the plugging performance test experiment.
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Fig. 2. Schematic illustration of the synthesis for self-healing gel.

3.2 Characterizations of the self-healing gel

To determine the functional groups in the self-healing gel,
different samples were characterized via FT-IR, and the results
are shown in Fig. 3(a). The wide absorption peak near 3,428
cm~! corresponded to the stretching vibration of -OH. The ab-
sorption peaks near 2,930 cm~! and 2,853 cm~! were caused
by the stretching vibration of C-H group on LMA (Zeng et al.,
2022). The characteristic peaks near 1,650 cm~! and 1,457
ecm~! corresponded to the stretching vibration of -COO- on
AA (Qin et al., 2018). This indicated that the copolymers
of AA, AM and LMA were successfully synthesized. The
characteristic peaks of the -1,3-glycosidic bond in curdlan
were detected near 1,175 cm~' and 887 cm™!, indicating
that the copolymer and curdlan were successfully formed into
composite gel (Hsieh et al., 2017). By comparing the FT-
IR spectra of the samples before and after the introduction

of Fe**, no new absorption peaks were observed after the
introduction of Fe3t, which indicates that the introduction
of Fe3* did not change the main functional groups of the
molecule (Qin et al., 2018).

Thermal stability is a key indicator of LCM, and the
weight loss curves of different samples under nitrogen were
analysed. From Fig. 3(b), the TGA curves of all samples
showed the same weight loss trend, and the weight loss
below 207 °C was predominantly caused by the evaporation
of bound water and free water in the sample. The weight loss
stage at approximately 207~345 °C was mainly due to the
decomposition of the carboxyl group in the molecular chain
of the gel particle, the release in the form of CO,, and the
formation of an imine structure or the formation of dehydrated
ammonia released from the adjacent two amino groups on the
side chain (Zheng et al., 2020). The weight loss after 345
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Fig. 3. Characterization results of the different samples. (a) FT-IR spectra of the different samples and (b) TGA curves of the

different samples.

Fig. 4. SEM images of different samples. (a) LFyCy, (b) LF¢ 15Co, (c) LFoC> and (d) LF 15C,.

°C corresponded to the further decomposition of curdlan and
the decomposition of LMA-AM-AA macromolecular skeleton
(Marubayashi et al., 2014). Clearly, the LF 15C, sample with
the introduction of curdlan and Fe3* had a higher stability and
greater residual mass.

To explore the microstructure of the self-healing gels, the
self-healing gels were characterized by SEM after freeze-
drying (Fig. 4). LFyCp sample and LF( 5Cy sample showed
evident uniform porous structures. However, the pore size of
LFy.15Co sample was more compact, which was caused by
the formation of a coordination structure with the carboxyl
groups in the molecular chain after the introduction of Fe3*
(Zheng et al., 2020). Compared with LFyCy and LF 15Cy, the
three-dimensional network structure of LFyC, and LFy 5C;
samples became rougher and had an uneven, porous structure
due to the formation of a composite gel between curdlan and
LMA-AM-AA polymer.

3.3 Performance comparison

(1) Comparison of the self-healing time

The self-healing time of the different samples in bentonite
mud was investigated, and the gel pictures after self-healing
are shown in Fig. 5. All sample particles were successfully
self-healed into a whole gel after swelling in bentonite mud,
indicating that the self-healing process could be achieved due
to the hydrophobic association, ionic bonds and hydrogen
bonds. However, the self-healing times of the different samples
varied, as shown in Fig. 6. The LFyCy sample completed self-
healing after 4.5 h, but under the same conditions, the LFy ;5Cp
sample completed self-healing after only 3 h. Similarly, the
self-healing time of LF( 5C> was 7 h, which was significantly
lower than that of LFyC; sample (13 h). The self-healing times
of LFg05C, and LFy55C, were 9 h and 5.5 h, respectively.
These results showed that the introduction of Fe** in the
polymer network of the gel could shorten the self-healing ti-
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Fig. 5. Pictures of the different samples after self-healing.
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Fig. 6. Self-healing time of the different samples.

me of the sample, and with increasing Fe3t concentration,
the self-healing time of the sample was shortened. This was
mainly due to the coordination between the carboxyl group on
the gel molecular chain and the free Fe3*, which accelerated
the self-healing process and shortened the self-healing time
(Qin et al., 2018; Zeng et al., 2022). By comparing the self-
healing time of LFyCp and LFyC, samples, the self-healing
time of the sample was significantly extended from 4.5 h to
13 h after adding curdlan. By comparing the self-healing times
of the LFy 15C, LFy15C, and LFy 15C3 samples, the greater
amount of curdlan added correlated to a longer self-healing
time because curdlan formed an irreversible gel with certain
rigidity at high temperature; this irreversible gel formation
hindered the diffusion of free LMA and SDS, and the mobility
of the molecular chain was weakened. Thus, the reorganization
of the hydrophobic association region was slowed down and
the coordination efficiency of carboxyl groups with metal ions
was reduced (Ye et al., 2020).

(2) Comparison of mechanical properties

Mechanical properties are also important indicators for
evaluating gel plugging materials. Therefore, the mechanical
properties of the self-healing gel were evaluated via tensile
and compression experiments (Figs. 7 and S4). LFyCy sample

showed a relatively low elastic modulus (0.81 kPa) and poor
toughness (5.2 kJ/m?3) after self-healing. The elastic modulus
and toughness of LF,5Cy self-healing gel after adding Fe3*
were significantly improved to 1.69 kPa and 15.1 kJ/m?,
respectively. Addtionally, the elastic modulus and toughness
of LFy15C, self-healing gel were also significantly better
than those of LFyC,.This improvement was mainly attributed
to the coordination bond between carboxyl group and Fe’"
on the polymer molecular chain, which increased the cross-
linking points inside the gel network, resulting in a stronger
network structure of the gel (Zeng et al., 2022). Thus, it signif-
icantly improved the overall mechanical properties of the gel,
which was consistent with the SEM characterization results.
However, from the experimental results of Fig. 7(b), with
increasing of Fe’T concentration, the mechanical properties
of the self-healing gel initially increased and then decreased.
Compared with LF15C, self-healing gel, the fracture stress
of the LF(y,5C, decreased from 8.58 kPa to 7.78 kPa when
the addition of Fe’* increased to 0.25 g, and the elastic
modulus and toughness decreased to 2.96 kPa and 22.8 KJ/m3,
respectively. This phenomenon occurred because excessive
Fe3T caused the pH of the system to decrease; thus, the cross-
linking was not uniform, resulting in low stability constant (Li
et al., 2018). By comparing the self-healing gels of LFy 15Co,
LFy15C, and LFyCy, LF(C,, the elastic modulus and tough-
ness of the self-healing gel were significantly improved after
the introduction of curdlan. This occurred because curdlan
and the polymer LMA-AM-AA network formed a composite
network structure and improved the mechanical properties (Ye
et al., 2020). The elastic modulus and toughness of LFy 5C»
self-healing gel were 3.51 kPa and 30.2 kJ/m>, respectively.
Upon further increasing the amount of curdlan, the elastic
modulus of LFy5C; reached 4.94 kPa, but the toughness
slightly decreased (21.9 kJ/m?®). This potentially occurred
because the excessive curdlan increased the rigidity of the gel
and negatively affected the toughness (Li et al., 2018; Zheng
et al., 2020).

Moreover, the compression performance of the sample is
also a key factor in evaluating the gel plugging material. From
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Fig. S4(a), the compression performance of the gel after the
introduction of Fe™ was significantly improved. From Fig.
S4(b), with increasing Fe3* content, the compression strength
of the gel initially increased and then decreased, which was
consistent with the trend of the tensile results. The compressive
properties of the self-healing gels gradually increased with
increasing curdlan concentration (Fig. S4(c)). Because curdlan
formed a composite network structure with P(LMA-AM-AA)
(Ye et al., 2020).

(3) Comparison of rheological properties

The rheology of self-healing gel is predominantly used
to study the dynamic viscoelastic properties of gel under
shear action, which is the key index of the LCM; the storage
modulus (G') is an important parameter to characterize the rhe-
ological properties of gel in fractures. Figs. 8(a)~8(c) shows
the strain scanning curve of the self-healing gels from 0%
to 1000%. Outside the linear viscoelastic region, G’ decreases
significantly with increasing strain, indicating that the physical
noncovalent bond crosslinking in the gel network gradually
dissociates. However, the G’ value of the gel is always much
larger than the corresponding G” values, indicating that the
hydrogel mainly has the elastic solid properties (Bai et al.,
2022). Fig. 8(d) shows that the G’ values of the LFyCy and
LFyC, self-healing gels are 1,519 Pa and 2,894 Pa, and the
G” values are 293 Pa and 523 Pa, respectively. Additionally,
the G’ values of the LFj 5Cy and LFy 5C, self-healing gels
are 2,105 Pa and 3,458 Pa, and the G” values are 383 Pa and
594 Pa, respectively. This indicates that after addition of Fe3*,
the samples exhibit a relatively high storage modulus, which
is mainly attributed to the coordination between Fe’* and
gel network molecules (Zheng et al., 2020). With increasing
Fe3* content, the interaction and storage modulus gradually
increase. However, the excess Fe>* changes the coordination
environment of the system and limits the movement of the
molecular chain; thus, the storage modulus of LF(,5C; de-

creases (Fig. 8(e)), which is consistent with the tensile test
results.

Moreover, the G' of LFy5C, was significantly higher
than that of LF(5Cy, and the G of LFy15Cy, LFp.15C,
and LF15C3 showed a gradual increasing trend (Fig. 8(f)),
which indicated that the introduction of curdlan could effec-
tively improve the storage modulus of the self-healing gels.
Figs. 8(g)~8(i) shows the frequency scanning test results of
different samples in the range from 0.1 to 100 rad/s. In
the whole frequency scanning range, the G’ values of all
samples were always higher than G” values, and G’ of the
gel increased with increasing frequency. The modulus had a
certain dependence on the frequency, and the gel maintained
its elastic solid properties. This was due to the difficulty of
immediate rearrangement of macromolecular chains in the gel
sample as the frequency increased and the hardening of the
gel (Bai et al., 2022).

The loss factor values (tan6=G"/G’) of the self-healing
gel were calculated, and the results are shown in Fig. S5. The
tand values of all samples were less than 1, indicating that the
samples were elastic (Gulyuz and Okay, 2015). The elasticity
of the sample increased with decreasing tand value. The tand
of LF( 15C; was in the range of 0.8 to 1, indicating that it had
good elastic recovery performance. Although LFj ;5C3 showed
higher G, its tand was higher than that of LFj ;5C,. This was
potentially because excessive curdlan increased the rigidity of
the gel, hindered the movement of the molecular chain and
affected the recovery performance (Ye et al., 2020; Bai et al.,
2022).

Therefore, through the comprehensive comparison of the
self-healing time, mechanical properties and rheological prop-
erties of different samples, subsequent further evaluation was
carried out with the LF(;5C, sample as an example. Fig.
9(a) shows the intuitive self-healing pictures of LF( 5C; gel
particles in bentonite mud and bentonite mud with rhodamine
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Fig. 8. (a)~(c) Dynamic strain sweep of different samples, (d)~(f) G’ and G” of different samples., (g)~(i) dynamic frequency

sweep of different samples.

B. The two colour gels self-healed from multiple independent
states to a whole gel, and the self-healing gel had apparent
toughness (Fig. 9(b)). To further verify the self-healing prop-
erties of the LF(5C, samples, the step-strain (Ypin = 1%,
Ymax = 1100%, @ = 6.28 rad/s) of LF( 5C, self-healing gel
was evaluated (Fig. 9(c)). Under the condition of 1% strain,
G’ > G”, which was a stable gel structure. When the strain
mutation was 1100%, G’ < G”, indicating that the structure
of the gel was destroyed and the gel was in the sol state.
When the strain was changed to 1%, G’ > G”, indicating that
the self-healing gel was restored to gel. This phenomenon
was mainly attributed to the dynamic balance between the
polymer chain movement and the physical crosslinking point.
This again confirmed that the gel had an effective self-healing
ability. The LFy 15C, self-healing gel was scanned at ¥ = 1%
and @ = 6.28 rad/s, and the results are shown in Fig. 9(d). The
values of G’ and G” did not decrease significantly throughout
the scan range, indicating that the self-healing gel had good
stability.

3.4 Effect of particle size on self-healing gel
properties

Particle size is an important investigation component of
the self-healing gel applied to plugging. The pictures of the
LFy 15C, gel particles with different particle sizes after self-
healing are shown in Fig. 10(a). Gel particles with particle
sizes of 0.2~1 mm, 1~3 mm and 3~5 mm could achieve
self-healing in the bentonite mud. Besides, the G’ value of the
gel after self-healing increased with increasing particle size
(Fig. 10(c)). However, as the particle size increased, the self-
healing time of the sample was gradually extended. The reason
for this phenomenon was that as the particle size increased,
the contact area between the expanded gel decreased; thus, the
self-healing time was extended.

3.5 Effect of salt on self-healing gel properties

During drilling, high-salinity formations are often encoun-
tered. Therefore, the effect of salt on the properties of self-
healing gels needs to be examined. Fig. 11 shows the self-
healing of self-healing gel particles in bentonite mud, 5%
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NaCl-mud, 10% NaCl-mud and 2% CaCl,-mud. The self-
healing gel particles could self-heal as a whole in different
concentrations of NaCl and CaCl, (Fig. 11(a)), and from
Fig. 11(b), different concentrations of NaCl and CaCl, had
negligible effect on the self-healing time of the gel. The
rheological strength of LFy 5C, sample after self-healing in

different concentrations of NaCl and CaCl, was tested, and
the results are shown in Fig. 11(c). Compared with the self-
healing gel in mud, the G’ of the self-healing gel in 5%
NaCl-mud increased due to the formation of more hydrophobic
microdomains in the NaCl-induced gel molecular network and
the enhancement of hydrophobic association (Zhang et al.,
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reaction pressures and (c) different reaction temperatures.

2020). However, the rheological strength G’ of the gel after
self-healing in 10% NaCl-mud slightly decreased due to the
ion effect. Excessive sodium chloride affected the coordination
of iron and carboxyl groups, and the electrostatic interaction
was weakened (Zhang et al., 2018). Moreover, the G’ of the
gel after self-healing in 2% CaCl,-mud was also increased
due to the coordination structure formed by Ca** and carboxyl
groups in the molecular network. These results indicated that
the LF( 15C, sample could still maintain a certain rheological
strength in salt solution and had salt resistance (Yu et al.,
2022).

3.6 Effect of reaction time, pressure and
temperature on self-healing gel properties

Reaction time is an important factor affecting the perfor-
mance of self-healing gels in fractures; thus, the effect of dif-
ferent reaction times on the rheological strength of self-healing
gels was investigated. Fig. 12(a) shows rheological curves
of self-healing gels after different reaction times (reaction
temperature and pressure are 90 °C and 7 MPa, respectively).

As the reaction time increased, the G’ of the self-healing gel
gradually increased. This occurred because the degree of self-
healing increased with the extension of self-healing time (Ye
et al., 2020). However, the G’ of the gel did not change
significantly after reaction times of 18 and 24 h, indicating
that the degree of self-healing had reached the threshold at
this time. Continuing to increase the self-healing time did not
significantly increase the G’ value of the gel.

The reaction pressure is an important downhole environ-
mental factor. The rheological properties of self-healing gels
at different pressures (3, 7, 11 and 15 MPa) were investigated.
The results are shown in Fig. 12(b). When the reaction
temperature was 90 °C and the reaction time was 12 h, the G’
values of the self-healing gel after reaction at 7 MPa and 11
MPa were 4,219 Pa and 4,503 Pa, respectively, which were
significantly higher than those at 3 MPa (3,857 Pa). However,
when the reaction pressure was higher than 15 MPa, the G’
of the sample showed a downwards trend. This indicated that
increasing the pressure conditions of the reaction promoted the
contact between the interfaces between relatively independent
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Fig. 14. (a)~(b) Pressure-bearing plugging performance using LCM, (c) the pictures of self-healing gel in fractured metal core.

gels, thereby increasing the migration of molecular chains
between the interfaces. However, excessive pressure caused
the molecular chains in the gel structure to break, leading to a
decrease in the storage modulus of the gel after self-healing.

The reaction temperature is a key and important external
factor affecting the performance of the self-healing gel. There-
fore, rheological curves of the sample at different temperatures
(30, 60, 90 and 120 °C) are shown in Fig. 12(c). At a
pressure of 7 MPa and a reaction time of 12 h, the G’ value
gradually increased with increasing temperature. The reason
for this phenomenon was that as the temperature increased,
the solubility of the hydrophobic part of the hydrophobically
associating gel sample in the aqueous solution increased, and
the mobility of the molecular chain increased; thus, that the
polymer chains on the surface of the mutually independent
gel could more easily diffuse from one side to the other side.
Moreover, the rheological properties of the self-healing gel
modified by curdlan were enhanced under high temperature
(Ye et al., 2020).

To further illustrate the effect of temperature, the swelling
behaviour of LF(;5C, sample at different temperatures was
investigated. Fig. 13(a) shows the swelling curve of the

LFy 15C, particles in bentonite mud. With increasing time,
the swelling rate of the LF5C, particles in bentonite mud
gradually increased and finally reached equilibrium. Moreover,
the equilibrium swelling ratios of the LFy 15C, particles at 60,
90 and 120 °C were 95.4, 115.1 and 121.9 g/g, respectively,
indicating that the samples had excellent swelling properties.
With increasing temperature, the equilibrium swelling ratio of
the LFy15C, particles in bentonite mud gradually increased
and the time to reach the equilibrium swelling ratio was
gradually shortened. To further explore the swelling behaviour
of the LF 15C, particles, the swelling rate at the initial stage
of swelling (0.5~6 h) was fitted by the Fickian diffusion
model (Wei et al., 2013). The Fickian diffusion model can
be described by Egs. (2) and (3), and the fitting results are
shown in Fig. 13(b) and Table 2. All curves had a good linear
relationship, indicating that the Fickian diffusion model was
suitable for evaluating the initial swelling of the LF ;5C, gel
at different temperatures. The diffusion index n values at 60,
90 and 120 °C were 0.704, 0.699 and 0.589, respectively; these
were in the range of 0.5~1, indicating that the swelling stage
of the LF(5C, sample was non-Fickian diffusion, and the
absorption of water was controlled by the diffusion of water
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Fig. 15. Plugging mechanism of self-healing gel particles.

Table 2. Swelling kinetic parameters of LFy 15C, sample.

Temperature (°C) n Intercept R?

60 0.704 -0.652 0.9952
90 0.699 -0.503 0.9813
120 0.589 -0.395 0.9638

and the relaxation of the polymer molecular chain (Wei et al.,
2013):

F=2 g )
We
IgF =1gK +nlgt 3)

where F is the percentage of water absorption at time 7, w;(g)
and w,(g) are the water absorption at time 7 and equilibrium,
respectively, K is the ratio constant of the gel, and n is the
Fickian diffusion index.

3.7 Test of plugging performance

The plugging performance is a key indicator for evaluating
LCM; thus, the pressure-bearing performance of the sample
in the metal slit plate is studied (Fig. 14). The plugging
performance of the LFp5C, sample is 2.5 MPa, which is
significantly higher than that of conventional gel PAM (1.5
MPa). This is mainly because LF5C, self-healing gel can
self-heal into a whole gel in fractures at high temperature
(Fig. 14(c)), which can effectively fill and plug entire fracture,
improve the mechanical properties of the LCM. From the
comparison of the pressure-bearing properties of 10% shell
and 5% shell+5% LF; 15C,, the pressure-bearing capacity of
10% shell is 3 MPa, and the pressure-bearing performance

@ Self-healing gel particles
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w Self-healing gels

is improved to 6 MPa by compounding 5% shell and 5%
LF(.15C>. From the picture of fractured metal core, the 10%
shell easily causes plugging at the entrance of the fractures
(Fig. S6), while 5% shell+5% LFj5C, does not exhibit
this phenomenon. The reason for this phenomenon is that
the matching between the shell and the fracture is poor. By
reducing the concentration of the shell and adding the self-
healing gel with deformability, the shell and the gel can enter
the fracture to achieve the effect of effectively filling and
plugging the fracture, thus improving the pressure-bearing
performance. In general, due to their self-healing properties
and deformability, self-healing gels have application prospects
in the field of plugging.

Based on deformability and self-healing properties of the
self-healing gel, the plugging mechanism of the self-healing
gel in formation fractures was deduced. In the process of
downhole operation, the working fluid flowed into the forma-
tion fracture under the action of pressure difference, resulting
in the leakage of working fluid (Fig. 15(a)). The self-healing
gel particles could enter the wellbore with the working fluid
and enter the fracture under the pressure difference between
the drilling fluid column and the formation pressure (Fig.
15(b)). The particles entering the fractures gradually absorbed
water and swelled, resulting in a gradual increase in vol-
ume and becoming a gel with deformability and self-healing
properties (Fig. 15(c)) (Bai et al., 2022). With the gradual
increase and expansion of the gel in the fracture, independent
gel extrusion and aggregation occurred. Moreover, under the
action of the formation temperature, the diffusion of molecular
chains and Fe’" gradually occurred between the independent
but contact interfaces, and the free LMA fragments were
redissolved in SDS micelles. The six-fold triple helix in the gel
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polysaccharide increased due to the high temperature produced
(Ye et al., 2020). With the extension of time, the hydrophobic
association and ionic bond between independent gels were
reformed and then became a whole gel to fill and plug fractures
(Fig. 15(d)).

4. Conclusions

In summary, self-healing gels modified with curdlan and
Fe3t were successfully synthesized by a facile method. The
mechanical properties and rheological properties of the self-
healing gels could be effectively improved by the modification
of curdlan and the introduction of Fe’* in a certain range.
The LFq 5C, self-healing gel had good performance, and its
elastic modulus and toughness were 3.51 kPa and 30.2 kJ/m?3,
respectively. The G’ was 3,458 Pa, and the self-healing time at
90 °C was 7 h. Moreover, increasing the temperature, pressure
and time of the self-healing reaction could increase the G’
value of self-healing gel. The self-healing gel was applied to
the plugging of formation fractures in oil and gas drilling.
The pressure-bearing experiment showed that the pressure-
bearing performance of LF ;5C; self-healing gel was 2.5 MPa,
which was better than the 1.5 MPa pressure-bearing capacity
of conventional gel PAM. Moreover, the pressure bearing
capacity of the self-healing gel combined with the shell could
reach 6 MPa. Therefore, the self-healing gel modified by
curdlan could be a promising LCM.
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