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Abstract: Improving the resolution and accuracy of the mechanical properties of organic-rich shale is
very important. The results can reveal the mechanical properties of shale from micro scale and serve
as a guide for the design of hydraulic fracture optimization parameters. This study introduced an
advanced technique to obtain the mechanical properties of shale with high resolution (58.6 nm/pixel)
by combining SEM, EDS, and Atomic Force Microscopy (AFM). To locate the target area in SEM
and AFM accurately, a positioning technique that uses special distributions of pyrite was estab-
lished. AFM PeakForce QNM mode was selected due to its advantages at capturing topography and
mechanical properties in material. Results illustrated the ability of AFM to obtain the mechanical
properties (modulus) of individual mineral components in shale, the detailed topography of crack,
and mechanical properties of minerals in a specific area. In particular, the mechanical properties of
minerals around crack explained the layered distribution of minerals around the fractures, and the
cracks developed in the clay mineral layer was detected. This article demonstrates the great potential
application of AFM in shale.

Keywords: atomic force microscope; mechanical properties; mineral and crack in shale

1. Introduction

The prosperity of shale oil and gas reservoirs, known as unconventional reservoirs,
have prompted changes in the world’s energy landscape. Hydraulic fracturing in shale
reservoirs was considered effective and has been widely used. In order to improve the
stimulation efficiency of hydraulic fracturing, many studies have focused on characterizing
and quantifying mechanical behaviors of shale from the micro to the macro scale over
the past few years [1–7]. As a fine-grained material with strong heterogeneity and poor
porosity and permeability, shale is generally composed of quartz, organic matter, calcite,
feldspar, pyrite, clay minerals, and so on. Abundant mineral compositions significantly
effect shale mechanical behaviors. Several studies on shale mechanical behaviors from
the macro perspective have been conducted, including uniaxial and triaxial compression
tests; these are common methods used to acquire macro mechanical properties [8–11]. As
technology developed, researchers began to focus on mechanical behaviors at the micro or
nano-scale in order to improve the understanding of shale in detail.

When researchers conduct studies on nanopores [12], kerogen, and minerals in shale,
the unique abilities of AFM are an ideal method as AFM can generate results continuously
and down to the nano resolution [9,13]. Several AFM works have been developed in
relation to surface topography measurement, organic matter and clay elastic properties
measurement, and adhesion properties. The AFM technique with Prekforce QNM (Quan-
titative Nanomechanical Property Mapping) mode was used to map elastic mechanical
properties of mineral components at the micro scale by Eliyahu et al. [14] Different compo-
nents, including pyrite, quartz, clay minerals, and organic matter, could be distinguished.
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Li et al. [15] combined AFM (Dimension Icon, Bruker, Mannheim, Germany) with Prekforce
QNM mode, SEM (Scanning Electron Microscopy, ZEISS Merlin, ZEISS, Jena, Germany),
and EDS (Energy-dispersive X-ray Spectroscopy) to demonstrate the small range of Yang’s
modulus in organic matter (2–6 GPa) of Bakken shale and the large range of the same in
clay (7–20 GPa). The structures of organic matter and clays are identified as homogeneous
and heterogeneous, respectively. The tip chosen was the type RTESPA-525 with a spring
constant of 200 N/m according to the Young’s modulus range measured in this article.
Furthermore, AFM-based infrared spectroscopy (AFM-IR) was first used by Jing Yang
et al. [16] to simultaneously provide the in-situ geomechanical and geochemical properties
of individual organic matter particles at nanoscale, which also reveals mechanical and
compositional variations. In that study, the contact mode in AFM and a PR-EX-NIR2 tip
with a spring constant ranging from 0.07 to 0.4 N/m were chosen. Based on a previous
study, AFM was first coupled with optical and electron microscopy by Li et al. [17] in order
to visualize and quantify the elastic characterization of organic matters in Bakken shales.
Young’s modulus was detected in the range of 2.91 GPa to 11.77 GPa of organic matter.
Tian et al. [18,19] combined SEM, EDX, and AFM to analyze the chemical bonds of samples
and characterize the morphology and adhesion properties of organic matter and inorganic
matter in continental and marine shale. The research aimed to explore the effect of chemical
composition and bonds on the adhesion properties of shale. Recently, Yong Li et al. [20]
detected elastic mechanical properties and surface roughness of coal using AFM. Combined
with SEM, the pore structure distribution and morphology were also obtained. Preliminary
studies based on the application of AFM to rocks have been developed. Most initial investi-
gations were centered on the characterization of the mechanical properties pertaining to
organic matter (modulus, adhesion, etc.), and rarely focused on the characterization of the
morphology and mechanical properties of shale cracks. Other mineral components in shale
are very important to the structure and fracture of shale. Characterization at micro scale of
shale cracks can provide guidance on the revealing of hydraulic fracturing mechanism.

Aiming at the fine-grained sedimentary characteristic of shale, this paper system-
atically established an approach include the measurement of mechanical properties of
individual mineral with high resolution, fracture detailed detection, and the elastic mechan-
ical properties characterization of different mineral layers around fractures in Longmaxi
downhole marine shale. The methodology presented in this article utilizes atomic force
microscopy (AFM) to locate mineral clusters in shale, enabling the measurement of target
minerals. The use of diamond probes in conjunction with PeakForce-QNM and contact
modes facilitates the measurement of a wide range of minerals, ranging from hard to
soft. The approach is based on the combination of SEM, EDS, and AFM, which allows
continuous characterization of shale.

2. Materials and Methods
2.1. Sample Information and Preparation

Samples in this study were from the Changning block, Sichuan basin. The Cambrian
and Silurian strata are exposed at the core of the Changning anticline, and the two wings
are the Permian-Triassic strata. The shale reservoir in Changning block is the marine shale
of the Lower Silurian Longmaxi Formation, with a thickness of 250–350 m. The formation
mainly consists of quartz, clay minerals, calcite, feldspar, dolomite, pyrite etc. The measured
TOC of the Longmaxi Formation is 2~4.5%, which is mainly distributed in the lower part of
Longmaxi Formation (2502 m~2524 m). It shows that the hydrocarbon formation conditions
in the Longmaxi Formation shale layer in Changning area are favorable. Another condition
for shale gas accumulation is the maturity of shale. The Ro of the Longmaxi shale is around
2.9%, indicating that the Longmaxi shale has matured and is in a favorable maturity range
(0.5~2.5%) that is conducive to the formation of shale gas reservoirs. The lithology of the
Longmaxi Formation in Changning area is mainly gray-black shale with 50–65% brittle
mineral content. Due to the high content of siliceous and calcium in black shale, it is brittle
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and hard, and it is prone to cracks during fracturing. The mineral contents of shale sample
used in this article was shown in Table 1.

The sample was sectioned into cubical specimens measuring 10 mm in length, 5 mm
in width, and 2 mm in height with an accuracy of ±0.005 mm. The cubical specimen was
wrapped in epoxy resin to ensure sample integrity and subsequently cut to expose the
shale. Initial polishing was performed on the upper surface using diamond sandpaper via
Target Surfacing System (Leica EM TXP, Leica, Wetzlar, Germany) until a surface roughness
of 0.5 µm was achieved. The surface was subsequently polished using an Ion Beam Milling
System (Leica TIC 3X, Leica, Germany) for a continuous period of 2 h under vacuum
conditions, achieving a roughness less than 100 nm.

Table 1. Mineral Contents of Shale Sample (%).

Sample Quartz Feldspar Calcite Dolomite Pyrite Clay TOC Depth/m

Shale 31.2 10.4 8.5 7.5 3.1 39.3 1.11 2502

2.2. Experiment Positioning Method

This article presents an experimental approach for accurately positioning the SEM-
selected area under the optical microscope of AFM. The image depicted in Figure 1a was
obtained through SEM. Individual pyrite crystals exhibit an irregular polygonal shape
when observed under SEM, while aggregated pyrite is present in the form of framboids [21].
The pyrites are circumscribed by red circles, which exhibit stronger brightness in the SEM
image. By virtue of the distinctive morphology and spatial distribution of pyrites and
fractures, a precise coordinate system can be established to accurately determine the target
areas for AFM measurements based on their positional relationship with respect to the
pyrite regions (Figure 1b). The discrepancy in the details between Figure 1a,b arises from
the disparate imaging principles employed by SEM and optical microscopy and varying
levels of resolution.
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Figure 1. Positioning method combining SEM and AFM: (a) SEM image with pyrite (enclosed by
red line) and target mineral (enclosed by yellow line) distributing clearly; (b) Corresponding area
under the optical microscope in the AFM. A positioning technique that integrates SEM and AFM was
employed in this study. (a) The SEM image clearly shows the distribution of pyrite (marked by a red
line), the target mineral (marked by a yellow line) and surrounding fracture. (b) The corresponding
area under the optical microscope through AFM.

2.3. PeakForce QNM Mode and Contact Mode

A mineral mechanics measurement method is presented in detailed. This method
combines the morphological description of SEM, elemental analysis of EDS, and high-
resolution mechanical property testing of AFM. By observing the positional relationship of
pyrite, the target area in the SEM can be matched to the experimental area of the AFM. AFM
can obtain the surface height morphology, DMT modulus, and deformation of the test area.
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A PeakForce QNM test and contact test were conducted using Atomic Force Mi-
croscopy (Dimension Icon, Bruker). The contact mode in AFM enables physical interaction
between the probe tip and the sample surface, albeit at the expense of potential damage
to the latter. The tapping mode facilitates the acquisition of surface topography by gently
tapping the sample with an oscillating probe tip. In PeakForce Tapping mode, the probe tip
interacts with samples at a force level of up to pN while periodically tapping the sample
surface; this technology allows for the ongoing evaluation of nanomechanical characteris-
tics, such as DMT modulus, adhesion force, etc. PeakForce QNM mode is developed from
Tapping mode and PeakForce Tapping mode, which is a non-destructive technique on the
surface of the sample.

As the Z piezo drives the cantilever towards the sample, it records the displacement
of the probe (shown in Figure 2). At a certain setpoint, there is a vertical deflection. Once
engaged with the sample, the cantilever undergoes deformation and experiences an increase
in vertical deflection. The Z piezo then lifts the cantilever to bring it back to its original
setpoint, marking one engagement round complete. During this process, laser reflection on
photodetector captures force information for each pixel along time or displacement.
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The calculation of the reduced modulus (E∗) can be derived from the force-displacement
data using the Derjaguin–Muller–Toporov (DMT) model [22]:

F =
4
3

E∗
√

R∆x3 + Fa (1)

E∗ =
1

1−v2
s

Es
+

1−v2
tip

Etip

, (2)

where F is force on tip, R is tip radius, ∆x is surface deformation, and Fa is adhesion force.
ν and E are Poission’s ratio and Young’s modulus, respectively, and subscript s and tip
correspond to the rock sample and diamond tip. In order to test the mechanical properties
of shale, a diamond probe with a cube-shaped apex was employed, possessing a spring
constant of 306.21 N/m.

3. Results and Discussions
3.1. Identification of Mechanical Properties of Individual Minerals in Shale by AFM

Through the mineral location method introduced in Section 2.2, this paper achieves
accurate targeting of minerals based on pyrite distribution characteristics. This approach
optimizes target localization during experimentation and accurately correlates SEM imag-
ing results with AFM experimental outcomes, thereby enhancing the efficiency of AFM
utilization. The mechanical properties of individual minerals in shale are presented in
Figure 3. The target mineral, identified as apatite through EDS analysis (Figure 3b), was
scanned three times from Area C1 to C3 due to the limitation of scan size in AFM. In Peak-
Force QNM mode, surface topography could be detected in the target area, as shown in
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Height Sensor images. Roughness could be measured in the range from 75.3 nm to 94.4 nm.
Modulus of individual mineral was calculated according to Derjaguin–Muller–Toporov
(DMT) model and displayed in the form of 2-dimendional graph. Simultaneously, deforma-
tion of the sample surface can be measured due to the interacts between the tip and sample
surface. Results show that the apatite has a smaller modulus and larger deformation than
the surrounding matrix. The average modulus of the three regions of apatite are 4.55, 7.33,
and 5.33 GPa, respectively, with standard deviation of 1.69 GPa, 1.32 GPa, and 1.79 GPa.
Six contact tests were conducted randomly in the apatite area, as seen in Figure 3f. The
modulus of the test point can be obtained from each force curve, and the average modulus
value of the six curves is 5.21 GPa. The feasibility of the two methods can be verified
according to the average modulus of the Force Curve tests and the modulus distribution
data in the mineral region tested in the PeakForce QNM mode.
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height distribution, DMT modulus, log10(DMT modulus) and deformation; (d1–d3) Target mineral
area in AFM results; (e) Mean modulus and standard deviation for target mineral areas (d1–d3) and
contact tests. (f) Six force separation curves tested randomly in the target area through contact test.

The results also show the application of AFM in measuring mechanical properties
of organic matter in shale, as shown in Figure 4. The mean modulus of organic matter
in Longmaxi shale is 10.3 GPa, with a standard deviation of 0.97 GPa through PeakForce
QNM mode and 10.93 GPa wth standard deviation of 3.72 GPa through contact mode. The
modulus of organic matter in Bakken shales has been detected in the range of 2.91 GPa
to 11.77 GPa [15,17]. By comparing the modulus measurement of apatite and organic
matter in Longmaxi shale through PeakForce QNM mode and contact mode, the results of
the two modes matched precisely. This demonstrates the feasibility of AFM on modulus
measurement of individual minerals in shale.
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contact tests. (f) Six force separation curves tested randomly in the target area through contact mode.

3.2. Crack Morphology Measurement

The AFM test on the crack and surrounding minerals can confirm the characteristics
that the fine-grained mineral distributed around the crack. Figure 5a show topography
of cracks detected. Due to the influence of minerals on the fracture wall surface on the
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probe, the measured modulus data in the crack is not zero. Furthermore, the modulus of
minerals around the crack is relatively low, and the highest modulus value is displayed
as 7.2 GPa. This also corresponds to the lower modulus around the cracks mentioned
above. The average width of the crack measured in Figure 4a is 5.81 µm. The crack depth in
each section chosen along the crack extension direction can be obtained (Figure 5c). AFM
enables high-precision measurement of cracks.
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Figure 5. The topography and modulus around fracture from AFM test. (a) Topography graphs of
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extension direction.

3.3. Elastic Mechanical Properties of Mineral Layers around Crack

Three distributions of minerals around fractures can be observed in the downhole-core
samples. Figure 6a shows layered mineral distributions (stiff minerals–soft minerals–stiff
minerals) around crack in shale sample. Stiff mineral layers in shale are usually composed
of quartz, dolomite, calcite, albite, etc., while clay minerals are the main component in
soft mineral layers. The mechanical properties of the different layers have been confirmed
variably through nanoindentation test [23]. In this distribution, crack extended in soft
mineral layer. Here, it remains uncertain whether the observed crack is of natural origin
or if it occurred during the sample preparation process. Regardless how it formed, the
cracks are generated in the weak layer under the effect of external force. The purpose is to
measure the mechanical characteristics of the minerals around the fracture.
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images.

AFM test results are shown in Figure 7. It can be divided into a high modulus area
and a low modulus area by comparing the modulus levels between selected areas around
crack. The area with the highest modulus level was set as the reference, and the ratio of the
average modulus of the other areas to the average modulus of this area was calculated and
displayed in optical microscope graph. It can be concluded that the modulus around the



Processes 2023, 11, 2498 8 of 9

fracture show a layered distribution (high modulus—low modulus—high modulus), as
shown in SEM and EDS results, by combining the modulus ratio and modulus distribution.
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The SEM and EDS results revealed a layered distribution of minerals surrounding
the fractures, with the crack propagating through the argillaceous mineral layer. AFM
analysis demonstrated the feasibility and precision of this technique in characterizing
micron-scale crack morphology, while also confirming its high-resolution capabilities for
detecting mechanical properties of shale’s microscopic mineral components.

4. Conclusions

An advanced technique, which combines SEM, EDS and AFM, has been established to
measure the mechanical properties of individual minerals in Longmaxi downhole marine
shale with high resolution and crack information. Additionally, it can determine the
elastic mechanical properties of different mineral layers around fractures. A positioning
technique is presented in this article, which utilizes the unique distribution characteristics
of pyrite. This technique enables precise localization of the target test area in SEM and
AFM, resulting in high-resolution and high-precision acquisition of mechanical properties
and fracture morphology of shale mineral components. Specifically, the utilization of AFM
for characterizing the layered mineral distribution surrounding the cracks has verified that
the development of cracks in clay mineral layer is facile.
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