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a b s t r a c t

The mechanism of SC-CO2ebrineerock interaction (SCBRI) and its effect on the mechanical properties of
shale are crucial for shale oil development and CO2 sequestration. To clarify the influence of SCBRI on the
micromechanics of shale, the lamina and matrix of shale were saturated with SC-CO2ebrine for 2, 4, 6,
and 8 days, respectively. The micro-scratch technique was then used to measure the localized fracture
toughness before and after SC-CO2ebrine saturation. Combining the micro-scratch results with SEM-
QEMSCAN-EDS analysis, the differences in mineral composition and mechanical properties of lamina
(primarily composed of carbonate minerals) and matrix (primarily composed of clay minerals) were
studied. The QEMSCAN analysis and micro-scratch results indicate distinct mineralogical compositions
and mechanical properties between the lamina and the matrix. The results showed that: (1) SCBRI leads
to the decrease in carbonate mineral content and the significant increase in matrix porosity and laminar
cracks. In addition, the damage degree increased at saturation for 6 days. (2) SCBRI weakens the me-
chanical properties of shale. The scratch depth of laminar and matrix increased by 34.38% and 1.02%, and
the fracture toughness decreased by 34.38% and 13.11%. It showed a trend of first increasing and then
decreasing. (3) SCBRI enhances the plastic deformation behavior of shale, and the plastic index of lamina
and matrix increases by 18.75% and 21.58%, respectively. These results are of great significance for
evaluating the mechanical properties of shale oil and gas extraction by CO2.
© 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

The exploration and production of unconventional oil and gas
resources, particularly shale oil, have gained significant importance
due to the increasing global demand for energy (Li et al., 2018).
Currently, hydraulic fracturing has become the primary technique
for the exploitation of shale reservoirs (Yang L. et al., 2023). How-
ever, this technique requires a substantial volume of water re-
sources, which raises environmental concerns (Osborn et al., 2011).
To reduce the environmental impact of energy production, the
research of waterless fracturing technique has become a critical
focus in the contemporary energy sector (Middleton et al., 2014).
f the article.
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Due to its numerous benefits in enhancing fracture complexity and
restoring formation energy, the carbon dioxide (CO2) fracturing has
been emerged as a very promising method (Tan et al., 2022). Under
reservoir conditions, CO2 remains a supercritical state known as SC-
CO2, which exhibits unique properties such as high density, high
diffusivity, low viscosity and very low surface tension (Zhou et al.,
2021). The low surface tension of SC-CO2 facilitates its penetra-
tion into fractures and pores. Consequently, there exists a strong
probability that the injected carbon dioxide (CO2) dissolves into the
formation brine, leading to a mildly acidic milieu. This, in turn, can
induce alterations in both the physical and chemical characteristics
of the shale reservoirs (Stavropoulou and Laloui, 2022). Laminated
shale contains its unique distribution of rock layers and textural
features along the vertical direction (Heng et al., 2020). The pres-
ence of lamina and non-homogeneous mechanical properties of
different rock minerals induce difficulties in the development of
shale oil. Therefore, it is important to investigate the mechanism of
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the interactions between SC-CO2ebrine and laminated shale, as
well as the impact of these interactions on the alteration of me-
chanical properties of shales.

The SC-CO2ebrine-rock interaction (SCBRI) in shale is a complex
process, primarily due to the reversible ionization of carbonic acid
and the dependence of CO2 solubility on temperature and pressure.
These factors play a significant role in governing the physico-
chemical reactions between these media (Zhang et al., 2017). When
CO2 dissolves into the reservoir brine, it ionize Hþ, leading to the
dissolution or precipitation of various components in the shale,
such as carbonate, clay, and organic minerals (Espinoza et al., 2011).
The dissolution of carbonate is often more pronounced compared
to that of quartz (Goodman et al., 2019). Simultaneously, these
chemical interactions induce changes in the pore structure of the
shale (Luo et al., 2019), resulting in the increases in porosity and
permeability (Tao et al., 2022). In addition, the mechanical prop-
erties of shale are also influenced by alterations in minerals content
and pore space. Previous research has demonstrated that the ten-
sile strength, compressive strength, and Young's modulus of shale
exhibit a decrease trend, while Poisson's ratio increases due to the
SC-CO2 saturation (Bai et al., 2021). There is a positive correlation
between the reduction of mechanical parameters (including tensile
strength, compressive strength and fracture toughness) and the
saturation pressure (Yang K. et al., 2023). Presently, most research
has investigated the changes in macroscopic mechanical properties
of shale. However, during the CO2 storage process, it is worth noting
that the fracture initiation and the changes of mechanical proper-
ties exhibit a strong correlation with the microscale mechanical
properties of rocks.

In recent years, the application of nanotechnology has led to the
emergence of the nanoindentation testing technique as a valuable
method to assess micromechanical properties of materials (Liu
et al., 2023). Nanoindentation technique has been widely used in
the investigation of many geological materials that exhibit het-
erogeneous characteristics, such as granite (Golovin et al., 2018),
marble (Bandini et al., 2014), shale (Fan et al., 2019), and coal (Liu A.
et al., 2022). Shi et al. (2020) used nanoindentation to investigate
the influence of SCBRI on the specimens, and the results indicated
that the SCBRI led to a reduction in both hardness and Young's
modulus. Notably, the magnitude of this effect was seen to be
comparatively lower for quartz than clay. Liu et al. (2023b) found
that the creep deformation of quartz and organic matter after SC-
CO2ebrine saturation reached 1.81 and 1.42 times of the initial
creep deformation by the nanoindentation technique. However,
nanoindentation requires numerous indentation points to obtain
accurate mechanical properties, which requires a significant in-
vestment of time and effort (Yang et al., 2024). In contrast, the
micro-scratch technique enables the continuous assessment of
material mechanical characteristics and facilitates the acquisition
of a substantial volume of data points within a short time. Richard
et al. (2012) established a connection between the uniaxial
compression strengths acquired through scratch tests and that
obtained from the standard uniaxial compression studies. The
study conducted by Wei et al. (2021) investigated the deformation
and fracture toughness of cementite under scratching conditions.
Akono et al. (2011) conducted some micro-scratch tests on several
materials, and established the equation to determine the fracture
toughness. Although previous studies have studied the SCBRIs on
rocks through micro-indentation and macroscopic tests, there is a
lack of investigation into the influence of SC-CO2ebrine on the
microscopic mechanical characteristics of laminated shales using
micro-scratching techniques.

In this paper, the laminated shale of the Lower Cretaceous
Qingshankou Formation in the northern of the Songliao Basin is
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studied. The effects of SCBRI on the microstructure, damage failure
mode, scratch depth, and fracture toughness of the shale lamina
and matrix were studied using micro-scratch and QEMSCAN-SEM-
EDS scanning techniques. Firstly, under reservoir temperature and
pressure, SC-CO2ebrine saturation experiments were carried out to
make the shale fully contacts with CO2. Secondly, QEMSCAN-SEM
tests were used to investigate the influence of SCBRI on the min-
eral changes and microstructure of the lamina and matrix. Finally,
the influence of SCBRI on the micro-damage failure mechanism,
scratch depth, and fracture toughness of the lamina andmatrix was
investigated by micro-scratch technique. This study provides direct
mechanical measurements of the mineral constituents in the
treated lamina and matrix, offering an insight into the SCBRI from a
microscopic perspective.

2. Material and methods

2.1. Specimen preparation

The terrestrial lake basins in China exhibit complex geological
characteristics, with significant variations in depositional settings
and diagenesis. As a consequence, the sedimentary rocks in these
basins are highly heterogeneous, and their laminated structure
plays an important role in fracture propagation. The samples shown
in Fig. 1 were cut from a reservoir core of laminated shale in the
Lower Cretaceous Qingshankou Formation of the northern Songliao
Basin, China. The thickness of the lamina is less than 0.5 mm, and
the sample sizes were 10 mm � 10 mm � 5 mm (Li et al., 2022). To
avoid any structural damage during sample preparation, the shale
specimens were mounted in epoxy resin (placed in a mold and the
resin is poured over it) and left overnight to allow the resin to so-
lidify. By curing the epoxy resin, its stress damage is minimized
during the cutting process (Veytskin et al., 2017). Furthermore, to
ensure the surface smoothness and flatness required for the nano-
scratch tests, the sample surfaces were first roughly polished using
sandpaper, followed by a more precise polishing process using an
argon ion polisher. The shale samples were carefully managed to
maintain a root-mean-square (RMS) roughness ranging from 120 to
150 nm (Liu Y. et al., 2022).

2.2. SC-CO2ebrine saturation process

The CO2ebrine saturation procedure is shown in Fig. 2. To avoid
clay swelling and simulate the in-situ groundwater conditions, a
brine solution was made by dissolving 2 wt% NaCl and 1 wt% KCl in
deionized water (Nie et al., 2022). As shown in Fig. 2, the shale
samplewas placed on a reaction tablewithin a vacuumvessel. Brine
was subsequently pumped into the vessel, after which CO2 was
injected into the vessel until the pressure reached 15 MPa. The
temperature of the entire CO2ebrine saturation system was
maintained at 70 �C using a water bath system. These experimental
conditions exceed the critical temperature and pressure of super-
critical carbon dioxide (SC-CO2), keeping CO2 in the supercritical
phase (Fatah et al., 2021). The pressure in the reaction vessel was
continuously monitored using a pressure sensor. To study the in-
fluence of time on the interactions between SC-CO2ebrine and
shale, the saturation time was designed to 2, 4, 6 and 8 days, after
which micro-scratch tests were conducted. To minimize the impact
of ambient air exposure, the nano-scratch tests were performed
within 6 h after the samples removed from the vessel.

The experimental flow chart is shown in Fig. 3. The spectro-
scopic probe of the QEMSCAN instrument is used to detect char-
acteristic X-ray signals, which enabled the identification of
elemental information at specific locations within the samples. The



Fig. 1. Schematic diagram of laminated samples.

Fig. 2. Schematic of the SC-CO2ebrine treatment process on shale samples.
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QEMSCAN analysis provided the information of mineral composi-
tion and distribution within the lamina and matrix. Subsequently,
scanning electron microscopy (SEM) was used to detect the
microstructure of the shale lamina and matrix. In order to reduce
the deviation of the experiment caused by the heterogeneity of
shale, the area with relatively homogeneous QEMSCAN and SEM
scanning results is selected for the experiment.

Then, micro-scratch technique was used to selectively scratch
the lamina and matrix at various saturation time. SEM was further
used to observe the location andmorphology of the scratches. After
each saturation time, SEM was again used to detect the any alter-
ations occurring on the locations of the scratches. Finally, upon
completion of the final scratch, the QEMSCAN-SEM-EDS technique
was used once more to examine the influence of SC-CO2 on the
shale lamina and matrix. In addition, in order to avoid the residual
stress and stress concentration after the scratch test, the scratch
spacing under different saturation time is about 60 mm. The spacing
between the scratches is much larger than the maximum scratch
depth of 3 mm, which can greatly reduce the stress effect between
adjacent scratches.
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2.3. Nano-scratching test

As shown in Fig. 4(a), the Berkovich probe was used for the
micro-scratch test conducted in the KEYSIGHT G200. The schematic
diagram of indenter model is shown in Fig. 4(b). The angle a be-
tween the prism and the center line is 65.3�, while the angle b

between the lateral prism and the center line is 70.05�. Fig. 4(c)
shows the side perspective of the Bohrer indenter during the
scratching process. At the initial stage of the scratch process, the
indenter was applied onto the sample with a constant vertical force
(FV) of 100 mN. Meanwhile, a horizontal force applied on the sur-
face of the sample thorough the probe, with a constant velocity (VT)
of 30 mm/s. In this study, the variable d and L denote the scratch
depth and length, respectively. Fig. 4(d) shows the frontal view of
the micro-scratch process, where A(d) and p(d) denote the pro-
jected area of the plane in the direction of indentation and the side
length of the projected area, respectively (Nie et al., 2024).

The micro-scratch technique enables to assess the microfracture
characteristics of shale with a high precision (Liu et al., 2023a). The
fracture toughness (KIC) refers to the capacity of a material to resist



Fig. 3. Experimental flow chart.

Fig. 4. Micro-scratch modelling. (a) G200 nano-probe; (b) Schematic diagram of the probe; (c) Side view of the micro-scratch process; (d) Front view of the micro-scratch process.
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fracture initiation when it is exposed to external load. The KIC of a
micro-scratch can be determined using the follow equations
(Akono and Kabir, 2016):

KIC ¼
FTffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2pðdÞAðdÞ
p (1)

AðdÞ ¼ tanq� ½tanaþ tanb� � d2 (2)

pðdÞ ¼ d�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ tanq� ðtanaþ tanbÞ

q
(3)

where FT is the horizontal force; and d is the depth of the scratch.
For the Berkovich probe tip, A(d) is proportional to d2 and p(d). A(d)
is proportional to d3 (Akono and Ulm, 2017). The angle q, which
corresponds to the specific orientation of the Berkovich probe used
in the nano-scratch test, is 30� (Wei et al., 2021).
3. Results and discussion

3.1. Mineralogical effects of SCBRI on shales

The content and distribution of different minerals in shale were
determined using QEMSCAN, as shown in Fig. 5. The primary
minerals in the samples include illite, quartz, calcite, albite,
Fig. 5. Mineral distribution in shale
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dolomite, muscovite, apatite, and pyrite.
As shown in Eq. (4), CO2 dissolves into the brine, ionizing Hþ.

The chemical reactions between calcite, albite, illite, quartz in shale
and Hþ are represented by Eqs. (5)e(8) (Cheng et al., 2020).

CO2 þH2O#Hþ þ HCO�
3#2Hþ þ CO2�

3 (4)

Calciteþ2Hþ#Ca2þ þ CO2 þ H2O (5)

Illiteþ1:1Hþ#0:77kaoliniteþ 0:6Kþ þ 0:25Mg2þ þ 1:2quartz

þ 1:35H2O

(6)

Albiteþ 4H2Oþ 4CO2#2Naþ þ 2HCO�
3 þ Al2Si2O5ðOHÞ4 (7)

Quartz : SiO2 þ 2H2O#H2SiO4 (8)

Quartzþ 2OH�#SiO2�
3 þ H2O (9)

Variations in mineral type and content lead to different degrees
of chemical reaction. The mineral content in the matrix is 43.94%
illite, 25.20% quartz, 12.36% albite, and 6.26% calcite. The content of
the lamina is comprised of 59.93% calcite,16.58% quartz, 6.27% illite,
and 8.83% albite. In addition, the matrix and lamina also contain a
determined using QEMSCAN.
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small amount of dolomite, muscovite, apatite, pyrite, and other
minerals, the total content is about 10%. Because these minerals
make up very little of the shale, the reaction of these minerals with
CO2 was not considered in this study.

The effect of SCBRIs onminerals depends on the specific mineral
species. The changes in mineral composition within the matrix
before and after SC-CO2ebrine saturation are shown in Fig. 6(a).
After the chemical interactions between SC-CO2ebrine and the
matrix, the mineral content exhibited several changes. There was a
decrease in the content of calcite, albite, and clay by 0.25%, 0.20%,
and 0.04%, respectively. Conversely, the quartz content increased by
2.32%. These observed variations in matrix mineral distribution and
content suggest a limited degree of interaction between SC-
CO2ebrine and the clay minerals within the matrix. The increase in
quartz content within the matrix can be partially attributed to the
limited generation of quartz during the dissolution of illite. This
phenomenon results in an augmentation of quartz content. Alter-
natively, the observed increase in quartz concentration can also be
attributed to the concurrent decrease in clay and carbonate mineral
contents.

Fig. 6(b) shows the observed alterations in the mineral
composition within the lamina before and after SC-CO2ebrine
saturation. The data reveals a 15% reduction in the calcite content,
accompanied by a 0.74% increase in clay content and a 0.69% in-
crease in albite content within the lamina after the saturation
process. The substantial decrease in calcite content indicates a
more pronounced chemical reaction between the SC-CO2ebrine
and the lamina. This reduction in calcite content can be attributed
to the dissolution induced by SCBRI. SC-CO2 dissolves in brine to
form a carbonic acid solution, which enters the rock interior
through pores and natural fractures. As shown in Eq. (5), the Hþ of
the carbonate solution permeates the mineral lattice structure and
reacts with the ions in it. This reaction causes the calcite mineral to
gradually dissolve and release its cations (Wang et al., 2013). The
chemical interaction between minerals and the SC-CO2ebrine is a
multifaceted and protracted evolutionary process, which warrants
further research to comprehensively understand the long-term
mechanism of mineral trapping.

3.2. The influence of SCBRI on microstructure

The scratching process alters the initial micro-morphology on
the surfaces of shale, leading to the formation of scratch grooves
accompanied by changes in pore structure and the development of
micro-fractures. These fractures, extending through the entire
Fig. 6. Changes in mineral composition in shale before and
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thickness of the rock, are commonly referred to as “through-
thickness fracturing” (Bull, 1997). The mode of failure that arises
between the area of the groove and the adjacent minerals is known
as the interfacial failure mode.

Fig. 7(a) shows the scratch pattern in the matrix area before the
SCBRI, with the scratch direction from bottom to top. The yellow
striped areas represent the grooves formed by the scratches
penetrating into the matrix at specific depths. The fracture damage
pattern observed in the matrix grooves is attributed to the rela-
tively low bond strength among the clay particles. The thickness-
through fractures in the matrix are plastic fractures with a high
density, primarily in the form of fine flexural fractures. The red
band shows the damage zones at the interface between the matrix
grooves and the surrounding minerals. Plastic deformation and
shear damage are observed in these damage zones. The scratched
interface exhibits morphological features of wavy edges and min-
eral flaking. These observed phenomena can be attributed to the
stress concentration resulting from the scratch-induced interaction
between the grooves and the adjacent minerals.

The surface of the matrix after 2 days of saturation is shown in
Fig. 7(b). Some of the minerals in the scratch grooves are displaced
and transported, and some new pores create. There is little change
observed outside the scratch grooves. The surface of the matrix
after 4 days of saturation is shown in Fig. 7(c). A small number of
flocculent crystals appear in the scratch grooves, and the number of
pores increases. Fig. 7(e) and (f) shows the surface of the matrix
after 6 and 8 days of saturation, respectively. The flocculent crystals
in the scratch grooves develop into granular crystals, accompanied
by the formation of new pores. Some of the newly emerging min-
eral particles in the grooves can block part of the pore space. The
EDS spectra of the granular crystals are shown in Fig. 7(g) and (h).
These analyses indicate a significant proportion of Ca ions, sug-
gesting that the crystals are primarily composed of calcium car-
bonate. Additionally, some new minerals appear outside of the
scratch grooves. The emergence of these new minerals can be
attributed to two factors: the dissolution of shallow minerals,
leading to the emergence of deep minerals and the migration of
SCBRI. As shown in Fig. 7(f), the minerals in the lower right region
are significantly dissolved under the influence of SCBRI, resulting in
the formation of broken mineral particles. Furthermore, as shown
in Fig. 7(f), some of the new crystal particles disappear due to the
migration of SCBRI.

Fig. 8(a) shows the scratch at the lamina area before SC-
CO2ebrine saturation. Through-thickness fractures in the lamina
are curved and directionally oriented. The angles between these
after SC-CO2ebrine saturation. (a) Matrix; (b) Lamina.



Fig. 7. SEM images of scratching at the same position of the matrix after 0 (a), 2 (b), 4 (c), 6 (e), and 8 (f) days of saturation. (d) Matrix damage pattern. EDS results of point 1 (g) and
point 2 (h).

Fig. 8. SEM images of the same scratch at the lamina after 0 (a), 2 (b), 4 (c), 6 (e), 8 (f) days of saturation. (d) Laminate damage pattern.
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Fig. 9. Morphological characteristics of the scratch depthedisplacement curves for matrix and lamina. (a) Matrix, 0 day; (b) Matrix, 8 days; (c) Lamina, 0 day; (d) Lamina, 8 days.
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fractures and the scratch grooves are approximately 45�. These are
yield fractures resulting from shear damage. After the yield dam-
age, the fractures extend to the edge of the scratch interface. In
addition, the scratch interface is smooth and straight, with no ev-
idence of mineral stripping.

Fig. 8(b) shows the surface of the lamina after 2 days of satu-
ration. Some of the minerals in the scratch grooves are displaced
and transported, and some new pores create. The surface of the
lamina after 4 days of saturation is shown in Fig. 8(c). Many
microcracks is observed outside the scratch grooves. Fig. 8(e) and
(f) shows the surface of the lamina after 6 and 8 days of saturation,
respectively. The surface of the sample is significantly altered, with
the appearance of a large number of interconnected microcracks.
The microcracks within the scratch grooves have been dissolved
and transported, forming a network of interconnected granular
bands.

In summary, SCBRI has a significant influence on the micro-
structure of shale. Within the matrix, the number and size of pores
increases significantly after saturation. Similarly, the lamina ex-
hibits a significant increase in the number and size of microcracks
after saturation. This can be attributed to the ultra-low interfacial
tension and viscosity of SC-CO2, which facilitates its penetration
into the shale micropores and thin layers (Wu et al., 2022). As a
result, the SC-CO2 tends to adsorb equilibriumwhere fractures and
pores develop. Moreover, the extent of the effect of SCBRI on shale
is influenced by time. During the first 4 days of saturation, the
changes in pores and minerals within the lamina and matrix are
4211
small. However, by the 6th and 8th day after saturation, the surface
changes in the shale are pronounced, with the development of
observable pores in the lamina and matrix, an increase number of
cracks, and increase transport and chemical reaction of minerals. In
addition, the presence of calcite in thematrix grooves indicates that
the process of SC-CO2ebrine dissolution of calcite is a dynamic
process in which dissolution and precipitation coexist. However,
the dissolution and newly formed precipitation are spatially het-
erogeneous (Lu et al., 2016). There is a certain degree of chemical
inhomogeneity on the rock surface due to the difference of mineral
inhomogeneity and the fluctuation of the scratch damage surface.
As a result, the overall effects of SCBRI on mineral reactions and
pore networks will be more complex and require further study.
3.3. Deformation during the loading and holding process

When the indenter applies pressure to the material, scratches
are formed on the surface of the material and the depth of the
scratches is obtained by the instrument's longitudinal sensor. The
scratch depth can be used to evaluate properties such as hardness,
toughness and wear resistance of the material. Typically, a shallow
scratch depth means that the material surface has a high degree of
hardness, while a deeper scratch depthmaymean that the material
is less hard and prone to damage or destruction (Liu et al., 2020).
Fig. 9 shows the scratch depthedisplacement curve obtained from
the micro-scratch test. The scratch depth represents the depth of
the indenter tip penetrated the sample surface, which is indicative



Fig. 10. Typical failure mode of shale. (a) Brittle failure mode; (b) Plastic failure mode; (c) Brittle failure curve; (d) Plastic failure curve; (e) Actual scratch curve.
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of the sample's deformation. The greater the deformation, the
softer the sample is. The initial scratch curve of the matrix is shown
in Fig. 9(a). The maximum scratch depth is 4759.89 nm, and the
average scratch depth is 4138.32 nm. The result after 8 days of
saturation is shown in Fig. 9(b). The maximum depth of scratch is
5173.52 nm, a 24.37% increase. The average scratch depth is
4180.58 nm, a 1.02% increase. The increased deformation of the
matrix indicates that the SCBRIs softens the matrix.

The initial scratch curve of the lamina is shown in Fig. 9(c). The
maximum scratch depth is 2501.61 nm, and the average scratch
depth is 1899.57 nm. Both the maximum and mean depth for the
lamina is smaller than those of the maximum and mean depth for
the matrix, indicating that the matrix is softer than the lamina. The
4212
results after 8 days of saturation are shown in Fig. 9(d). The
maximum scratch depth is 2846.87 nm, a 13.8% increase. The
average scratch depth is 2552.66 nm, a 34.38% increase. The in-
crease in both the maximum and average scratch depths of the
lamina suggests that SC-CO2ebrine interactions reduce the hard-
ness of the lamina. It is noteworthy that the increase in the average
depth of the lamina (34.38%) is much larger than the increase in the
average depth of the matrix (1.02%). This shows that SCBRIs soften
the lamina much greater than the matrix.
3.4. Effect of SCBRI on destructive failure mechanisms

The FTeL curves before and after shale saturation are obtained



Fig. 11. Failure characteristics of matrix destruction at 0 (a), 2 (b), 4 (c), 6 (d), 8 (e) days of saturation.
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following the micro-scratch experiments. As shown in Fig. 10(a),
these curves exhibit a pronounced “sawtooth” horizontal force
response, which is characteristic of the brittle failure mode. During
the scratch process, a macroscopic fracture is produced at the tip of
the scratch indenter. This fracture then propagates upwards to-
wards the rock surface in front of the scratch indenter, resulting in
the stripping off of larger particles and fragments. A typical curve of
the brittle damage mode is shown in Fig. 10(c). The OA segment of
the curve is linear, representing the elastic deformation regime.
4213
However, after reaching the peak point A, the horizontal force ex-
periences a sudden drop in the AB segment (Akono and Kabir,
2016).

The plastic failuremode ismodeled as shown in Fig.10(b). As the
rock matrix and particles are removed by the moving scratch
indenter, rock particles continuously accumulate in front of the
cutter and are subsequently removed (Richard et al., 2012). A
typical curve of the plastic failure mode is shown in Fig. 10(d). The
OA segment is essentially linear, corresponding to the elastic



Fig. 12. Statistical results of matrix and lamina failure modes at different saturation time. (a) CV; (b) SD and mean.
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deformation. After reaching the peak point A, the horizontal force
in the AB section shows small fluctuation, while the displacement
increases continuously. This phenomenon in the AB section, where
rapid strain energy release is absent, is referred to as “plastic flow”

(Kolawole and Ispas, 2020). The morphology of the curves during
the actual scratching process is shown in Fig. 10(e). The green
dashed portion represents the brittle failure mode, while the red
dashed portion represents the plastic failuremode. The fluctuations
in the curves for the brittle failure mode are large, whereas the
fluctuations for the plastic failure mode are small. However, the
responses of the scratch transverse force curves under different
conditions are extremely different, making the identification of the
curves for brittle failuremode is difficult. In this study, the degree of
plastic failure mode in the failure process is determined based on
plastic flow. A statistical coefficient of variation (CV) index is
introduced to define the degree of plastic failure mode. A larger CV
indicates a smaller degree of plastic damage in the rock. The for-
mula for calculating the CV is shown below:

CV¼ s

x
(10)

s¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pn
i¼1

ðxi � xÞ2

n

vuuut
(11)

where s is the standard deviation; CV is a dimensionless param-
eter; and x is the sample mean.

Fig. 11(a) shows the results of FTeL scratching on the matrix
before SC-CO2ebrine saturation. Themean, standard deviation, and
CV are 39.22 mN, 2.38, and 6.07%, respectively. Fig. 11(e) shows the
results of FTeL scratching on the matrix after SC-CO2ebrine satu-
ration for 8 days. The mean, standard deviation, and CV are
44.26 mN, 2.21, and 4.76%, respectively. It is worth noting that the
horizontal force curves exhibited a sudden drop after the 2nd and
8th day of SC-CO2ebrine saturation. This phenomenon is observed
in conjunction with SEM, which reveals the presence of micro-
fractures. In order to avoid the error of CV index caused by crack
location, the parameters at this location are not considered in the
calculation process.

The statistical results of the CV of the matrix at different SC-
CO2ebrine saturation time are shown in Fig. 12(a). The CV of the
matrix shows a tendency to decrease and then increase. However,
ultimately, the CV of the matrix decreased by 21.58% after SC-
4214
CO2ebrine saturation, compared to that before saturation. This
indicates that SC-CO2ebrine enhances the plastic failure mode of
the shale matrix, and this plastic failure also shows a tendency of
increasing and then decreasing. The statistical results of the average
horizontal force values for the matrix at different SC-CO2ebrine
saturation time are shown in Fig. 12(b). During the first 4 days of
SC-CO2ebrine saturation, the average horizontal force of thematrix
shows a rapid increase of 14% compared to the initial state. Over the
subsequent 4 days of SC-CO2ebrine saturation, the change in the
average horizontal force of the matrix is a small decrease. The final
increase is 13.39% compared to the initial state.

Fig. 13(a) shows the results of FTeL scratching on the lamina
before SC-CO2ebrine saturation. Themean, standard deviation, and
CV are 37.80 mN, 2.36, and 6.24%, respectively. In addition, the
results of FTeL scratching on the lamina after SC-CO2ebrine satu-
ration for 8 days. The mean, standard deviation, and CV are
37.09 mN, 1.88, and 5.07%, respectively. It is worth noting that the
horizontal force of the curve exhibits a sudden drop after 6 and 8
days of the SC-CO2ebrine saturation. Combined with SEM analysis,
the presence of large hard grains is detected at these locations. On
day 6 and day 8, the CV are 12.68% and 13.40%, respectively. In both
cases, the CV is larger than 10%, indicating brittle damage. In order
to avoid the error of CV index caused by crack location, the pa-
rameters at this location are not considered in the calculation
process.

The CV values of the lamina under different SC-CO2ebrine
saturation time are shown in Fig. 12(a). The CV of the lamina shows
a tendency to decrease and then increase. However, the CV of the
matrix decreased by 18.75% after SC-CO2ebrine saturation
compared to that before saturation. This fully demonstrates that
SC-CO2ebrine improves the plastic failure of the lamina. This
plastic failure similarly shows an increasing and then decreasing
trend. From the statistical results of CV in Fig. 12(a), it is found that
the CV of the lamina is larger than that of the matrix, which in-
dicates that the plastic failure of the matrix is larger than that of the
lamina. Additionally, the CV of both the matrix and lamina reaches
a minimum after 4 days of saturation. The average horizontal force
of the lamina after different SC-CO2ebrine saturation time are
shown in Fig. 12(b), which shows a small fluctuating tendency, and
finally decreases by 1.87% compared to the initial state.
3.5. Effect of SC-CO2ebrine on fracture toughness

The red curve in Fig. 14 shows the fracture toughness of the



Fig. 13. Failure characteristics of the lamina after 0 (a), 2 (b), 4 (c), 6 (d), 8 (e) days of saturation.
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lamina after SC-CO2ebrine saturation. The fracture toughness of
the lamina exhibits an initial increase followed by a subsequent
decrease. Before SC-CO2ebrine saturation, the initial average frac-
ture toughness of lamina is 1.92 MPa,m1/2. After 2 days of SC-
CO2ebrine saturation, the average fracture toughness increases to
2.03 MPa,m1/2, but then decreases to 1.86 MPa,m1/2 after 4 days
and further decreases to 1.79 MPa,m1/2 after 6 days. The average
fracture toughness ultimately decreases to 1.26 MPa,m1/2 after 8
days, resulting in a 34.38% reduction. This reduction in fracture
toughness of the lamina is attributed to the high permeability and
4215
solubility of SC-CO2ebrine. The strong penetration of SC-CO2ebrine
enlarges the microfractures in the lamina, leading to the reduction
in fracture toughness. Additionally, the chemical reactions between
SC-CO2ebrine and carbonateminerals contribute to the decrease in
fracture toughness. Furthermore, the initial fracture toughness of
the lamina, measuring 1.92 MPa,m1/2, exceeds that of the matrix,
which is 0.61 MPa,m1/2, indicating a higher fracture toughness of
the lamina compared to the matrix.

The changes in fracture toughness of the shale matrix after SC-
CO2ebrine saturation are denoted by the blue curve in Fig. 14. The



Fig. 14. Evolution of lamina and matrix fracture toughness at different saturation time.
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general trend of the scratch fracture toughness of the matrix in-
dicates a slight increase after SC-CO2ebrine saturation. The initial
average fracture toughness measured 0.61 MPa,m1/2. Subse-
quently, the fracture toughness after 2, 4, 6 and 8 days of saturation
are 0.80, 0.73, 0.73, and 0.69 MPa,m1/2, respectively. The final
decrease in fracture toughness amounts to 13.11%. After 2 days of
SC-CO2ebrine saturation process, the matrix fracture toughness
was slightly improved, which may be due to the large difference in
mineral distribution in the scratched area. As the indenter falls on
more high-strength minerals, the average value of the probe data
will rise.

The fracture toughness in the matrix before and after SC-
CO2ebrine saturation are shown in Fig. 15(a) and (b). Prior to SC-
CO2ebrine saturation, the frequency distribution of the fracture
toughness is normal, and the cumulative frequency curve shows an
S-shaped profile. However, after 8 days of SC-CO2ebrine saturation,
the frequency distribution curve becomes positively skewed, and
the cumulative frequency curve adopts a parabolic shape.When the
cumulative frequency reaches 50%, the fracture toughness values in
the matrix before and after SC-CO2ebrine saturation are 0.58 and
0.60 MPa,m1/2, respectively. Notably, when the cumulative fre-
quency increases to 64%, after SC-CO2ebrine saturation, the frac-
ture toughness is 0.67 MPa,m1/2, which is larger than the value at
the 90% cumulative frequency prior to SC-CO2ebrine saturation.
This suggests that a significant increase in the frequency of high
fracture toughness measurements, likely due to the indenter con-
tacting some harder minerals. This phenomenon is most likely
attributed to the dissolution and precipitation of calcite minerals
within the matrix following the SC-CO2ebrine saturation process.
The large bulk calcite in the matrix dissolved and precipitated into
several small fragments, resulting in an increase in the distribution
area of calcite. As the scratch indenter traverses thematrix path, the
indenter is more likely to encounter a strong mineral such as
calcite, which results in increased fracture toughness of the matrix.
This observation aligns with the SEM results reported in the pre-
vious section. However, it is worth noting that overall, the fracture
toughness of the matrix gradually decreases with increasing SC-
4216
CO2ebrine saturation time, as the dissolution of calcite outweighs
the precipitation effect.

The fracture toughness in the lamina before and after SC-
CO2ebrine saturation is shown in Fig. 15(c) and (d). After 8 days of
SC-CO2ebrine saturation, the changes in the fracture toughness
distribution in the lamina are the same with that in the matrix.
Specifically, the distribution curve transforms from a normal to a
positively skewed profile, and the cumulative frequency curve
shifts from an S-shaped to a parabolic distribution. After an 8-day
SC-CO2ebrine saturation, the fracture toughness at the 50% cu-
mulative frequency decreases by 39.46%, from 1.12 to 0.68 MPa,m1/

2. Similarly, the fracture toughness at the 90% cumulative frequency
reduces by 34.24%, from 1.44 to 0.95 MPa,m1/2. Notably, the frac-
ture toughness at the 98% cumulative frequency after saturation
becomes equivalent to the value at the 50% cumulative frequency
prior to saturation. These observations indicate a significant
reduction in fracture toughness, likely due to the indenter
encountering some soft minerals. It is worth noting that the
decrease in fracture toughness for both the hard and soft minerals
in the lamina before and after saturation is similar. This suggests a
uniform softening behavior in the lamina induced by SCBRIs, which
is consistent with the SEM results presented in the previous sec-
tion. Moreover, the softening effect on the lamina is easily influ-
enced by the time of saturation.

4. Conclusions

The nanomechanical properties of the shale matrix and lamina
are studied, and the mechanical changes over a period of 8 days
after SC-CO2ebrine saturation are compared. The surface strength,
fracture toughness, and deformation properties of the shale are
analyzed before and after SC-CO2ebrine saturation. Using nano-
scratch, scanning electron microscopy (SEM), quantitative evalua-
tion of minerals (QEMSCAN), and X-ray diffraction (XRD) tech-
niques, three types of minerals are identified in the shale matrix
and lamina: clay, quartz, and carbonate minerals. The mechanical
properties and softening behavior of these minerals are



Fig. 15. Distribution of fracture toughness in the matrix before (a) and after (b) SC-CO2ebrine saturation and in the lamina before (c) and after (d) SC-CO2ebrine saturation.
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characterized before and after SC-CO2ebrine saturation. The main
findings of this investigation are outlined below.

(1) SEM-QEMSCAN-XRD analysis and micro-scratch results
show significant differences in the mineralogy and me-
chanical properties between the matrix and the lamina. The
matrix is found to be abundant in illite, while the lamina is
rich in carbonate minerals. The micro-scratch test results
show that different damage patterns between thematrix and
the lamina. Notably, the through-thickness fractures in the
matrix display a finely curved and dispersed distribution,
along with wavy interface edges. In contrast, the through-
thickness fractures in the lamina are directionally arranged
and curved, with smooth and straight interface edges.

(2) The deformation behavior of the shale is altered after SCBRIs.
Both the maximum and mean deformations of the shale
matrix and lamina show an increasing trend after SC-
CO2ebrine saturation, indicating a deterioration of their
resistance to loads. The maximum deformations increase by
up to 24.37% and 13.8% for matrix and lamina, respectively.
While the mean deformation increases by up to 1.02% and
34.38% for matrix and lamina, respectively.

(3) With the increase in the SC-CO2ebrine interaction time, the
degree of plastic failure of matrix and lamina shows a ten-
dency to first increase and then decrease. After SC-
4217
CO2ebrine saturation, the CV of the lamina and the matrix
decreases by 18.75% and 21.58%, respectively. The degree of
plastic failure of the matrix is greater than that of the lamina.

(4) With the increase in the SC-CO2ebrine interaction time, the
fracture toughness of the lamina and the matrix shows a
change pattern of increasing and then decreasing. However,
the change varies under the same saturation time. Finally,
the average fracture toughness of the lamina and the matrix
decreases by 34.38% and 13.11%, respectively.
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