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Abstract
Investigating the frictional properties of organic matter and pore structure of

organic-rich shales with atomic force microscopy and scanning electron

microscopy

Farnood Sobhbidari, Ph.D

The University of Texas at Arlington, 2022

Supervising Professor: Qinhong Hu

Understanding geomechanical properties of shales, such as stiffness properties and fracture
toughness, is important in different areas of petroleum industry-related activities including
fracturing efficiency, petroleum flow to the wellbores, and induced seismicity. Nanoscale to
microscale experiments on shale samples require a much smaller sample compared to macroscale
experiments. This is a major advantage because irregularly-shaped drill cuttings from shales can
be used for experimental analyses, such as nanoindentation or atomic force microscopy (AFM).
However, a characterization of mechanical properties at the nano- to micro-scale is a relatively
new addition to classical geomechanical experiments on shales, and there is still a lack of both
fundamental knowledge and standard procedures for conducting experiments at this scale. The
frictional behavior is one of the important mechanical properties of organic matter (OM) which is
still not investigated. The first half of this dissertation is focused on understanding the standard
procedures for conducting the experiments in nanoscale and investigating the frictional properties.
For this research | examine the mineralogy of the surface of shale samples using scanning electron

microscopy (SEM) with energy dispersive spectroscopy (EDS), and measuring the friction force



and Young’s modulus of OM using AFM. Samples from Bakken shale formation has been used

for this project.

The second half of this dissertation is focused on understanding the structure and geometry of pore
spaces. Because hydrocarbon is accumulated mainly in the pore spaces of shale, coal, and tight
sandstone reservoirs, it is highly crucial to understand the morphology of the pore spaces. For this
research | applied SEM imaging and image processing and compared their results with these from
AFM imaging of the pore structure. Samples from Bossier shale and Haynesville shale formations
has been used for this project. Overall, this dissertation will help to understand the standard
procedures of mechanical characterization and the frictional behavior of OM in nanoscale, and

determine the 3D structure of pore spaces, of organic-rich shales.
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Chapter 1: Introduction

Shales (or mudrocks) are the source rock for hydrocarbons in “shale play reservoirs” and are also
the caprock in most conventional reservoir. One of the difficulties facing petroleum development
in mudrock reservoirs has been the accurate assessment of the host rock’s mechanical properties.
These properties influence vital reservoir aspects such as borehole stability, fracturing behavior,
yield strength and elastic moduli (Dewhurst et al., 2011; Fam et al., 2003), affecting not only
fracturing efficiency, but also the petroleum flow to the wellbores. Consequently, an adequate
knowledge of the mechanical properties of shales is crucial to the sustainable development of
unconventional reservoirs. Shales are among the most complex geological materials, as their
composition varies through both time and space and at different scales, from nano- to macro-scopic
dimensions (llgen et al., 2017). This heterogeneity leads to anisotropy and a range of macroscopic
behaviors. Shale is composed from two distinguishable media, inorganic and organic matters, at

grain sizes less than 63 um.

Traditionally, a mechanical characterization of rock has been conducted using uniaxial or
triaxial compression tests (Kumar et al., 2017), and laboratory tests or logging tools provide sonic
and density data with which to obtain the elastic properties, including Young’s modulus and
Poisson’s ratio (Eissa & Kazi, 1988; Sone & Zoback, 2013). Because of the existing instability of
chemical and mechanical properties of shale formations, obtaining a core stable enough to perform
traditional geomechanical experiments can be difficult and costly (Liu et al., 2016). However,
progress in nanomechanics and nanotechnology has made it possible to investigate the in situ
mechanical properties of shales at the nano- to micro-scale by nanoindentation using a small

sample volume (Liu et al., 2016; Slim et al., 2019; Ulm & Abousleiman, 2006) or PeakForce



QNM™ method (Eliyahu et al., 2015). PeakForce QNM™ is the force mapping mode of atomic
force microscopy (AFM). The creep behavior of shale samples at the nanoscale has been studied
by gridded nanoindentation (Liu et al., 2018a; Slim et al., 2019) and modulus mapping (Liu et
al., 2018b). The possibility of using viscoelastic rheological models to model the creep behavior
of shale samples at the nanoscale was also the subject of some previous research (Liu et al., 2018a;
Shi et al., 2020). Emmanuel et al. (2016a) extended the previous research of Eliyahu et al. (2015)
to investigate the possible impact of thermal maturation on the mechanical properties of OM within
shales. Emmanuel et al. (2016b) investigated the potential impact of in situ temperature on the

mechanical behavior of the OM using PeakForce QNM™ method.

Recent measurements by nanoindentation or AFM on the shale provide evidence of a significant
difference in stiffness properties of different composing minerals of shale (Eliyahu et al., 2015;
Zhao et al., 2019). Among all the composing parts of shale, OM has the weakest mechanical
properties (Eliyahu et al., 2015; Zhao et al., 2019). Although mechanical characterization of OM
within shale in nanoscale has been recently the focus of much research, the friction behavior of
OM s still unclear. The simulation of mechanical behavior of OM in the nanoscale using molecular
simulation has been the subject of some researches. In these papers the failure envelope of kerogen,
fracture toughness, and surface energy density of kerogen were the focus of the simulations (Wu

and Firoozabadi, 2020a; b).

Another important aspect of unconventional resources is about understanding the structure and
geometry of pore spaces. Hydrocarbon is accumulated mainly in the pore spaces of shale, coal,
and tight sandstone reservoirs (Clarkson, et al., 2012; llgen et al., 2017; Ju et al., 2017), and many
works have been conducted to determine and classify pore structure, pore volume ranges, pore

surface variation, and other factors (Groen et al., 2003; Li et al., 2014; Zhou et al., 2016; Zhu et



al., 2018). The main methods generally include low temperature nitrogen adsorption (LT-NA)
(Chen et al., 2016; Ju et al., 2018; Lu et al., 2004), carbon dioxide adsorption (Chen et al., 2017;
Liu, Zhang, Choi, et al., 2018), mercury intrusion porosimetry (MIP) (Cao et al., 2015; Hu et al.,
2017; Tao et al., 2018), saturation or imbibition (Kibria et al., 2018; Wang et al., 2021), nuclear
magnetic resonance (NMR) (Li et al., 2015), optical microscopy (Li et al., 2017), X-ray computed
tomography (X-ray CT) (Cai et al., 2018; Li, Tang, Elsworth, et al., 2014), focused ion beam-
scanning electron microscopy (FIB-SEM) (Zhou et al., 2018), and small angle neutron scattering
(SANS) and ultra-small angle scattering (USANS) methods (Clarkson et al., 2012; 2013, Zhang et
al., 2019). Most of these methods provide either two to three dimensional characterization of the
pore structure or a distribution of pore sizes (Ougier-Simonin et al., 2016). Some of the
disadvantages of these methods are as follows: 1) The three-dimensional pore reconstruction
methods (X-ray CT, FIB-SEM) are very expensive; and 2) the fluid intrusion methods (LT-NA
and MIP) may damage the structure of samples and have different measuring ranges (Zhu et al.,
2017). Therefore, it is highly crucial to combine different methods to characterize the pore

structure and surfaces (Li et al., 2019).

Atomic force microscopy (AFM) can measure the surface topography and mechanical
properties such as Young’s modulus and other structural properties (Zhang et al., 2012). AFM has
been a popular instrument in many fields including material science (Beuwer et al., 2016; Kim et
al., 2018; Li et al., 2016), molecular biology (Dufréne et al., 2017; Guo et al., 2004; Li et al., 2017;
Rief et al., 1997), and electrochemistry (Ghorbal et al., 2013; Zhang et al., 2012). AFM has also
been used in studies to image the surface topography of super-fine and pulverized coal grains (Liu
et al., 2010), the nanopore development and surface roughness of naturally matured coal (Jiao et

al., 2018), the efficiency and correctness of Threshold and Watershed methods were investigated



on the recorded AFM images of surface topography on coal and shale samples (Zhao et al., 2019).
AFM and LT-NA were used to characterize the surface property and pore structure of shales, and
the double-threshold discrete integration method was introduced to measure the porosity (Chen et
al., 2021). AFM can record an image of pore structures in 3D without destroying the sample, so
the samples can be used for experimental measurements with other methods (Rief et al., 1997).
Considering these advantages, there are a few published research about using AFM in

understanding the pore structures of shales (Javadpour et al., 2012; Zhao et al., 2019).

In this work, both AFM and SEM were used to identify pores and their geometrical properties.
Statistical analyses were conducted on the pore geometrical properties. In addition, the obtained
data from AFM and SEM were compared with the results from other methods to verify the

recorded pore geometrical properties from AFM and SEM.
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2.1 Mechanical characterization of OM-rich shales in nanoscale to macroscale

Given recent advancements in measureing the mechanical properties of OM-rich shales
from the nanoscale to microscale, and the lack of detailed review on these advancements, we
compile and review here relevant studies to identify non-traditional methods for the mechanical
characterization of shale at these very small scales. Three main methods to identify the mechanical
properties in the nanoscale are as follows: 1) Gridded nanoindentation, 2) Modulus mapping, and

3) Atomic Force Microscopy.

2.1.1 Application of nanoindentation-based methods

The nanoindentation method is used to measure mechanical properties such as stiffness
and hardness of materials at the nano-to micro-scale. Nanoindentation has been used in material
science research on various materials such as fibers, thin films, concrete, and bones (Ago et al.,
2013; Constantinides et al., 2006; Schwiedrzik et al., 2014). Table 2.1a represents the experimental
properties of nanoindentation testing (gridded-nanoindentation and modulus mapping)
applications by different researchers to investigate the mechanical behavior of OM-rich shales.
Limitations in their experimental techniques are specifically mentioned; Table 2.1b is just the

continuation of Table 2.1a.

2.1.1.1 Gridded nanoindentation

Ulm and Abousleiman (2006) investigated a possible connection between the mineralogy
of clay particles and their mechanical properties. Shale specimens were cored in three
perpendicular directions. The sample’s roughness was measured using AFM (described in Chapter
3), and the mineral compositions of samples were determined using X-ray diffraction (XRD)

measurements. The authors calculated the clay packing density (n) by measuring the total porosity



(¢) of the shale cuttings (Eg. 11 in UIm and Abousleiman, 2006). The authors then compared the
results from gridded nanoindentation with the results of the dynamic ultra-pulse-velocity (UPV)

measurements of the overall composite stiffness of shales.

Comparison between results from gridded nanoindentation and UPV measurements
showed four important reasons for anisotropy of shales at the macroscopic scale (UIm and
Abousleiman, 2006): (1) one order-of-magnitude difference between the previously measured
stiffness values of clay minerals and the measured elasticity content of the clay fabric at the scale
of hundreds of nanometer to millimeters, 2) the identification of the relationship between the
characteristic stiffness and packing density for scales beyond a few hundreds of nanometers (the
observation scale), these relationships are insensitive to the varying mineralogy of the tested shale
samples, (3) a clay packing density of n~0.5 as a percolation threshold of the elasticity of the clay
composite (the matrix in the shales is composed of the clay composite), and (4) a direct correlation

between the clay packing density and the degree of anisotropy.



Table 2.1a. Experimental properties of nanoindentation-based testing on organic-rich shales

Experimental Properties

Ulm and Abousleiman (2006)

Bennett et al. (2015)

Wilkinson et al. (2015)

Abousleiman et al. (2016)

Liu et al. (2016)

Shale & locations

Coring depths (m)

Coring

Orientation to bedding

Shape and no. of samples

Avg. sample dimensions

(cm)

Sample thickness (mm)

Sample surface roughness

(um)

Indenter tip diameter (nm)

Depth of penetration (um)

Maximum peak load (uN)

n/a

n/a

n/a

Cylindrical, 3

n/a

5-10

0.09

n/a

0.2-0.3

236-266

Woodford, USA

33-60

Parallel and Perpendicular

n/a

n/a

n/a

n/a

n/a

0.2,1,3,and5

n/a

Bakken, USA

Sample 1: 2195, Sample 2:

2134

n/a

n/a

n/a

Sample 1: 0.01, Sample 2:

0.002

Tip 1: 1180, Tip 2: 170

n/a

Woodford, USA

n/a

n/a

n/a

n/a

5000 and 10000

n/a

n/a

Bakken, USA

n/a

Parallel

Irregular, 4

n/a

n/a

n/a

n/a

n/a

n/a



Quasistatic force! (uN)

Dynamic force! (uN)

Hold time for peak load

(sec)

Time to load (sec)

Assumed sample Poisson’s

ratio

Loading rate: (nm/sec)
for displacement controlled
mode, (uN/sec) for force

controlled mode

Grit sizes used

Porosity (%)

Avg. TOC (wt %)

n/a

n/a

n/a

n/a

n/a

Sample 1: 37.3, Sample 2: 23.7,

Sample 3: 13.9

n/a

60

n/a

n/a

n/a

400, 600, 1500

n/a

n/a

2 for both samples

Sample 1: 1, Sample 2: 0.5

With frequency of 200 Hz

n/a

n/a

n/a

n/a

n/a

n/a

Sample 1: 16, Sample 1: 14

n/a

n/a

n/a

15 (nm/sec)

Up to 4000 and 1 pm diamond grit

n/a (16-19)

n/a

n/a

n/a

n/a

20

600 to 1200 and 5, 3, and 1

um diamond grit

n/a

n/a



Dominant minerals

Temperature  conditions

O

Impact on geomechanical

properties

Remarks

limitations

Clay minerals

n/a

Anisotropy, Clay packing density

First application of gridded

nanoindentation

n/a

nla

Anisotropy

Comparison with FEM
simulations, study of

mechanical properties of both

single mineral phase and

composite phase

Not consider the geochemical
characterization of OM and
characterizing OM  types

(kerogen, bitumen, etc.)

n/a

n/a

Polishing

First application of modulus

mapping

Neglecting

anisotropy

the

impact of

Quartz and Clay minerals (lllite)

n/a

Impact of OM on tensile strength

Experiment setup was positioned

inside SEM

Not consider the possible impact of
different OM types on tensile

strength

Quartz, Feldspar and Clay

minerals
Ambient
Mineral ~ content, and
Porosity
Measuring fracture
toughness from

nanoindentation

Neglecting the impact of

anisotropy

Quasistatic force and dynamic force are related to modulus mapping (Nano-DMA)
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Table 2.1b. Experimental properties of nanoindentation-based testing on organic-rich shales

Experimental Properties

Zargari et al. (2016)

Liu et al. (2018a)

Liu et al. (2018)

Slim et al. (2019)

Zhao et al. (2019)

Shi et al. (2020)

Shale & locations

Coring depths (m)

Coring

Orientation to bedding

Shape and no. of

samples

Avg. sample dimensions

(cm)

Sample thickness (mm)

Sample surface

roughness (um)

Indenter tip diameter

(nm)

Bakken, USA

n/a

Cubic, 4

10

n/a

160

Bakken, USA

n/a

Perpendicular

Irregular, n/a

n/a

n/a

<0.2

n/a

Bakken, USA

n/a

Perpendicular

Irregular, 4

n/a

n/a

n/a

n/a

Marcellus, Haynesville,

Barnett and Woodford, in USA

Woodford sample is an outcrop

Parallel and Perpendicular

n/a

n/a

5-15

0.030-0.150

n/a

Yanchang, China

n/a

Parallel and Perpendicular

Cube, 7

<0.1

n/a

Longmaxi, China

n/a

n/a

0.5-1

n/a

<0.07

n/a



Depth of penetration

(um)

Maximum peak load

(uN)

Quasistatic force! (uN)

Dynamic force! (uN)

Hold time for peak load

(sec)

Time to load (sec)

Assumed sample

Poisson’s ratio

Loading rate: (nm/sec)
for displacement
controlled mode,
(uN/sec) for force

controlled mode

n/a

1 with frequency of

200 Hz

n/a

n/a

n/a

n/a

n/a

n/a

n/a

60

n/a

n/a

n/a

n/a

n/a

5to 180

n/a

n/a

n/a

12

n/a

4800

180

10

n/a

480 (uN/sec)

Force-controlled nanoindentation

Microindentation: 4

Nanoindentation

3000 for minerals, 1000 for

oM

10

n/a

300 (uN/sec) for minerals,

100 (uN/sec) for OM

Force-controlled

nanoindentation

n/a

350000

0, 15, 60, 120, and 220

n/a

0.25

n/a



Grit sizes used

Porosity (%)

Avg. TOC (wt %)

Dominant minerals

Temperature conditions

9

Impact on
geomechanical

properties

Remarks

n/a

3.7t06.9

79t021.7

n/a

Ambient

Maturity, Porosity

n/a

n/a

n/a

n/a

n/a

Mineral content

Nano-DMA can

investigate creep

80 to 1200

n/a

n/a

Quartz,  feldspar,

and clay minerals

n/a

Creep time, mineral

content

13

400, oil-based diamond suspension,
aluminum oxide abrasive disks (grain

size between 9 and 1 um)

Marcellus: 5.9-8.4, Haynesville: 6-

7.6, Antrim: 8.8, Barnett: 7.3,
Woodford: 12.6
Marcellus: 0.5-8.18, Haynesville:

2.6-3.3, Antrim: 9.6, Barnett: 12.2,

Woodford: 4.2

Quartz and clay minerals

Ambient

Anisotropy, mineral content, OM

Wide variety of samples

n/a

n/a

8.68 t0 13.27

Quartz, feldspar, and clay

minerals

n/a

Anisotropy, mineral content,

Comparison between gridded

nanoindentation and modulus

mapping

600 to 1200, and diamond
polisher with grain sizes

of5,3and 1 um

n/a

2.37-6.51

Quartz and clay minerals

Ambient

Creep time, Creep

rheological models

Compare three different

rheological models



Limitations

Neglecting the

impact of anisotropy

Not  consider  the
geochemical

characterization of OM
and characterizing OM
types, Neglecting the

impact of anisotropy

Not consider the
geochemical

characterization of
oM and
characterizing OM
types,  Neglecting
the  impact  of

anisotropy

Characterizing OM types

Not consider the geochemical
characterization of OM and

characterizing OM types

Not consider the
geochemical

characterization of OM
and characterizing OM
types, Neglecting the

impact of anisotropy

Quasistatic force and dynamic force are related to modulus mapping (Nano-DMA)
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Bennett et al. (2015) coupled nanoindentation experiments with high-resolution imaging
techniques and simulated the heterogeneous scaled nanoindentation experiments using nonlinear
finite element modeling (FEM). The indentation depth in these experiments were from 200 nm to
5 um. The shallow indentation measured the homogeneous regions that contained a single mineral
phase, while the larger indentations measured a composite deformation behavior. The specimens
were made from the same sample, but the cutting direction was in two formats: bedding plane
normal (BPN) and bedding plane parallel (BPP). The existing anisotropy of material properties
was measured by conducting nanoindentations in directions both normal to the bedding plane
(BPN) and parallel to it (BPP). Bennet et al. (2015) observed a significant creep in addition to
plastic deformation in their nanoindentation experiments, so they applied a viscoplastic creep
material for their FEM simulations. This constitutive model was specifically isotropic linear
elasticity and a modified Drucker-Prager/Cap plasticity, and it was combined with the
consolidation hardening and creep. This constitutive model provides an inelastic hardening
mechanism to model the plastic compaction such as the consolidation of geological materials
(Resende and Martin, 1985). For more information about this constitutive model readers are
referred to Resende and Martin (1985) as well as Liu and Borja (2013). The actual data from the
nanoindentation experiments were used to calibrate the Drucker-Prager/Cap plasticity and
consolidation creep material parameters. To understand the difference between the constitutive
model parameters derived from BPN and BPP experiments, a triaxial compression test was

simulated using those calibrated parameters.

From the above investigation approaches, Bennett et al. (2015) found three main
mechanical phases, namely quartz-feldspar-pyrite (QFP), clays, and OM, from the shallow depth

(200 nm) nanoindentation experiments. The FEM simulations of the triaxial compression test
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revealed anisotropic behavior of shale, that corresponds to the difference between the BPP and
BPN calibrated constitutive model properties in the ductile stress-strain response. According to the
authors, FEM simulations based on the completely isotropic material model showed that
development of a finite strain anisotropic material model is necessary for shale at the nano- to

micro-scales.

Abousleiman et al. (2016) focused on the failure analysis of OM-rich shales, and the
possible impact of OM on the tensile and compressional strength at the nano- to micro-scales.
They milled four micro-beams and three micro-pillars for their indentation experiments, and these
samples were manufactured using the S.G. Roberts method (Di Maio & Roberts, 2005; Frazer et
al., 2015). All the nanoindentation experiments were conducted inside a high-resolution SEM
instrument, to provide a simultaneous monitoring of the indentation experiments until failure. The
indenter tip was placed at the end of the free side of the micro-beams (Figure 2.1), and the
indentation experiments on the micro pillars were conducted to model the conventional unconfined
compressional test at the nanoscale (Figure 2.1). Moreover, a numerical simulation of the same
experimental configurations was constructed to theoretically investigate the observed failure
behaviors. The indentation experiments in Abousleiman et al. (2016) showed that the OM "glues
together” other components of the shale, and it has a high modulus of toughness. In the work of
Abousleiman et al. (2016), the OM-rich shales were directly loaded under tensile forces, but the
classical macroscale experiments of tensile behavior did not measure or isolate the tensile strength

directly.

Liu et al. (2018b) continued research by Liu et al. (2018a) and focused on the application
of gridded nanoindentation (Constantinides et al., 2006) to understand the creep behavior of OM-

rich shales. The holding phase of the nanoindentation was set to be 20s, 50s, 100s, and 180s. To
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find the best creep curve that fits the recorded data (indentation depth vs. creep time), Burger’s
model was applied. This is one of several rheological models for investigating the creep behavior
(Ashraf and Tian, 2016; Cornet, 2015). The impact of various existing minerals on the creep
behavior and mechanical properties (Young’s modulus, hardness, and fracture toughness) was
studied using bivariate plots from partial least-squares regression (PLS) (Table 6 in Liu et al.,
2018b). Based on this analysis, it was found that a change in the clays content has the greatest
effect on the mechanical properties. The increase in clay minerals content leads to an increase in
changes to the Young’s modulus and hardness, but the change of fracture toughness is reduced.
They applied the energy analysis method (Cheng et al., 2002; Liu et al., 2016) to calculate the
fracture toughness value for each sample. It was shown that as the creep time increases, the fracture
toughness decreases.

(a) (b) Apply load
Apply load

Micro-beam of
OM-rich shale

L Micro-pillar of

/' OM.-rich shalc

5 um

Figure 2.1. Schematic of the nanoindenter applying a load on (a) micro-beam and (b) micro-
pillar of OM-rich shales, with nanoindenter positioned at the end of the micro-beam (a) or on

top of the micro-pillar (b).
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Slim et al. (2019) investigated the potential effect of OM on the creep behavior of a source
rock using both experimental and modeling methods. A wide variety of shales in the US, including
Marcellus, Haynesville, Antrim, Barnett, and Woodford, was investigated. Based on the data from
Rock-Eval pyrolysis, Haynesville shale samples are mature (vitrinite reflectance equivalent of
2.5%), but Woodford, Barnett, and Antrim Shale samples are immature source rocks. Moreover,
the Marcellus Shale samples are overmature source rocks (vitrinite reflectance equivalent of 3%).
A mechanical test and chemical analysis were also conducted on pyrobitumen-rich samples to
understand the creep properties of mature OM. A grid indentation technique (Constantinides et al.,
2006; Ulm et al., 2007) was applied, given the heterogeneity of the shale samples. Slim et al.
(2019) identified four mechanical phases within the shale sample and reported that these
mechanical phases are based on the similarity in mechanical strength or stiffness properties. The
shale components whose mechanical strength or stiffness properties are in the same range, and are
also categorized in the same mechanical phase. The four mechanical phases are: 1) OM-rich phase,
2) a porous OM phase with inorganic impurities, 3) a mixed phase (containing pyrite), and 4) an
inclusion (quartz) phase (Figures 5-6 in Slim et al. 2019). Of these four identified phases, the
highly porous organic-rich phase has the lowest values of M, H, and C, and an inclusion phase has
the highest values of M, H, and C (Figures 5 in Slim et al., 2019). M and H are indentation modulus
and indentation hardness, respectively. C is the contact creep modulus (Vandamme and Ulm,
2013) (more detailed information about C is referred to Vandamme & Ulm, 2013). The OM makes
the greatest contribution to the creep behavior of the shale, but the inorganic phases surrounding
OM reduce the creep rate. A comparison of the results from micro-indentation tests with first-order
creep homogenization modeling shows that two asymptotes exist for the relevant creep rate of

OM-rich shales: (1) a continuous matrix of immature OM with rigid clay inclusions defines the
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lower end-member; (2) a self-consistent pattern representing mature disordered systems defines

an upper end-member.

Zhao et al. (2019) investigated compositional heterogeneity and anisotropy of shales using
the mechanical characterization method (nanoindentation and modulus mapping) at three (mineral,
core, and well) scales. Seven terrestrial shale samples from the Yanchang formation in China were
chosen. Nanoindentation and modulus mapping were applied to investigate the compositional
heterogeneity and anisotropy, respectively, at the mineral scale. The Young’s modulus and
hardness of non-clay minerals were determined by nanoindentation; to study anisotropy, the
mechanical properties of clays in two directions were measured with modulus mapping. Micro-
indentation was performed to verify the prediction of the upscaling method, which was proposed
to predict the macroscopic characteristics of organic-rich shale from the mineral scale properties.
Both micro-indentation and nanoindentation were based on the same theories, and the difference
was just in the scale of these experiments. The upscaling method was based on both the Mori-
Tanaka and Self-Consistent schemes. The well scale mechanical characterization was based on the
Brittleness Index (BI), newly proposed by Zhao et al. (2019) which is a function of the mineral

composition, and its application to interpretation of well logs.

Shi et al. (2020) conducted gridded nanoindentations on 6x6 grids of the nanoindentation
map with 15 pum as the distance between two neighboring nanoindentations. They chose two shale
samples from the upper Ordovician to Silurian Longmaxi black shale, Sichuan Basin, China for
gridded nanoindentation experiments. The holding phase of the nanoindentation was setto 0 s, 15
s, 60 s, 120 s, and 220 s. Shi et al. (2020) used three different viscoelastic rheological models,
namely the i) three-element Voigt, ii) Burgers, and iii) two-dashpot Kelvin models. These three

models were fitted with the depth-time curve during the nanoindentation holding phase. Detailed
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explanation and formulation of these three rheological models are referred to Cornet (2015),

Ashraf and Tian (2016), and Shi et al. (2020).

2.1.1.2 Modulus mapping application

Wilkinson et al. (2015) introduced an elastic modulus mapping technique, using spatially
continuous dynamic nanoindentation. Two shale samples from the Bakken Formation in the
Williston Basin, North Dakota were used. The samples were sectioned and polished using a
focused gallium ion beam. These two samples were polished differently to investigate the impact
of sample preparation on the resultant stiffness data and mechanical characterization of samples

by dynamic nanoindentation.

The modulus map, surface topography and displacement amplitude of each sample were
presented in Wilkinson et al. (2015). There are two important issues with the modulus maps: (1)
The ion tracks are presented as the change of modulus within a relatively mineralogically
homogeneous region. Moreover, the surface height is changed drastically because the softer
material can be removed to a greater extent than the harder minerals; these local changes in
topography can lead to an under- or over-estimation of contact area between the sample surface
and the tip; and (2) The displacement amplitude in the stiff minerals (mainly pyrite) can be lower
than the detection limit of the instrument. Therefore, the system counts them as noise which can
result in erroneous values for the modulus. Comparison of the results of both shale samples shows
that the sample preparation (polishing method) has a direct impact on the recorded modulus maps.
The importance of this research lies in its investigation of the possible effect of large surface height

variations, and low displacement amplitudes on the results of modulus mapping.
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Using a coupled method of nano-DMA and gridded nanoindentation, Liu et al. (2018a)
concentrated on the time-dependent mechanical behavior of shales. Based on the recorded complex
modulus and hardness values, they selected three points on the gridded nanoindentation area to
represent soft minerals, minerals with medium strength, and hard minerals, respectively. Based on
the plotted creep displacement vs. time for these three points (Figure 8 in Liu et al., 2018a), the
displacement in all selected points abruptly increased at the beginning of the creep and then slowed
down. Furthermore, this figure showed that the material with a greater hardness and more complex

modulus has the lower creep displacement.

Liu et al. (2018a) also measured the average value of creep displacements, loss modulus,
storage modulus and hardness in the entire nanoindentation area. These average values were
measured for each time (during the creep experiment) to understand the overall creep behavior in
the entire gridded areas. Average creep displacement has the same behavior through time at three
selected points. The curve fitting analyses on creep displacement, loss modulus, storage modulus
and hardness showed a logarithmic pattern. The groups of soft and hard minerals are
distinguishable from the resultant histogram of storage modulus map from the deconvolution
method. The calculated volumetric fraction of soft minerals increased throughout the creep
experiment (see Table 6 in Liu et al., 2018a), but the fraction of hard minerals decreased as times
passed. These authors provided two possible scenarios for this behavior: i) the impact of
dislocation creep; and ii) the movement of hard minerals under the soft minerals close to the sample

surface.

2.1.1.3. Summary of applying nanoindentation-based methods onto OM-rich shales

Ulm and Abousleiman (2006) found the linear relationship between the measured

indentation modulus (for both nanoindentation normal to the bedding planes and parallel to the
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bedding planes) and clay packing density for clay packing densities greater than 0.5. The difference
between measured indentation modulus for nanoindentations normal to the bedding planes and
nanoindentations parallel to the bedding planes becomes larger when the clay packing density
approaches 1. These findings shows that the main source of existing anisotropy of shale elasticity
parameters is related to the depositional structure of the clay grains. The capability of
nanoindentation to measure the fracture toughness in OM-rich shales was studied by Liu et al.
(2016). Their main focus was to find the relationship between the measured Young’s modulus and
fracture toughness. It is possible to investigate the capability of nanoindentation on measuring the
fracture toughness of OM, which is the most compliant compound of OM-rich shales comparing

to other constituent minerals of shales.

The impact of bedding on the stiffness measurements and its anisotropy was studied by
Bennett et al. (2015), Li et al. (2019), and Slim et al. (2019). Table 2.2 shows the results of
measured mechanical properties of nanoindentations at two different depths (200 nm and 1 pm)
from Bennett et al. (2015). Both the effective modulus (E) and indentation hardness (H) of the
QFP are higher when measured parallel with the bedding planes than the normal to the bedding
planes. For clays and O/C (composite of organic and clays) matrices, the effective modulus parallel
with the bedding plane is higher than that normal to the bedding planes, but the indentation
hardness normal to the bedding is higher than that parallel with the bedding plane. It is important
to mention that Bennet et al. (2015) observed four constituent compounds in their shale samples
including clay particles, QFP, OM, and O/C. In the O/C compound the clay particles and organic
matter were mixed without forming a supporting skeleton with inter-granular contacts. The OM
has the highest anisotropy ratio, while clays and QFP are second and third, respectively. Slim et

al. (2019) found that the creep rate of source rocks is mostly isotropic while their elastic properties
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show anisotropic behavior. According to Slim et al. (2019), isotropic constituents, pores, and OM

are the important parameters in the isotropic creep behavior of organic-rich shales.

Table 2.2. Results of nanoindentations in two different depth (200 nm and 1 pm) from Bennett et al. (2015). The specimen was
made from the same sample, but the cutting direction was in two directions: bedding plane normal (BPN) and bedding plane

parallel (BPP). K, is the anisotropy ratio of the mechanical property (.), which can be Es (effective modulus), H (hardness).

BPN  BPP K, (Ko = ()ﬂ) BPN BPP K (KO = ()ﬂ)

Indentation depth = 200 nm

QFP Clays
Es (GPa) 32.750 38.114 1.16 Es (GPa) 20.373 25.865 1.27
H (GPa) 4515 4815 1.07 H (GPa) 1.801 1.592 0.88
Indentation depth = 200 nm Indentation depth = 1 um
Organic matter O/C matrix
Es (GPa) 8.780 6.503 0.74 Es (GPa) 12.392 18.545 1.50
H (GPa) 0.449 0.278 0.62 H (GPa) 0.604 0.592 0.98

The impact of OM maturity on the stiffness measurements using modulus mapping was
studied by Zargari et al. (2016). They found that as OM maturity increased, the moduli of the
kerogen were lower. It was mentioned that OM with higher maturity has an abundant nano porosity

and concluded that the intraparticle OM porosity has a crucial impact on its modulus.

Shi et al. (2020) investigated the creep behavior of OM-rich shales using gridded

nanoindentation coupled with three rheological models of creep. A creep time constant was
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derived from each of the rheological models, and the regression precision of these three models
for shale creep was compared. Even though the two-dashpot Kelvin model had the highest standard
deviation, it provided better regression results than the three-element VVoigt and Burgers models.
As Slim et al. (2019) found that the OM has the greatest contribution to the creep behavior of the
shale, it is important to investigate the creep behavior of OM more in detail such as investigating
whether or not different types of OM have different creep behavior or not, or investigate the
relationship between the maturity and creep behavior of OM. Reviewing most of the published
research about the application of nanoindentation in the mechanical characterization of OM-rich
shales showed that most of them are lacking in identifying the types of OM (kerogen, bitumen,
etc.), and finding the possible relationship between the OM type and mechanical properties such
as Young’s modulus and creep rate is difficult. Due to the small scale of the indentation depth, a
gridded nanoindentation is not capable of identifying the possible impact of some internal
structures of OM-rich shales, such as natural fractures and large pores. Therefore, to understand
the possible impact of natural fractures and large pores, it is necessary to combine gridded
nanoindentation with a good upscaling method to find the homogenized values of mechanical
properties (Young’s modulus, hardness, etc.). Moreover, it is necessary to compare the upscaled
mechanical properties with the results of conventional rock mechanics tests on the same type of

samples.

2.1.2 Application of AFM-based methods

Table 3 lists a summary of literature studies for AFM work in shales by focusing on
mechanical characterization in the nanoscale. Eliyahu et al. (2015) used the new AFM method

(PeakForce QNM™  as described above) to map the modulus values of three samples from an
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Upper Jurassic source rock in the USA. The TOC of their samples ranged from 0.5 to 4.5 wt.%,

and their thermal maturity was very high (vitrinite reflectance ~2.1 %Ro).

The scan area was changed from 5 uym X 5 um to 50 um % 50 um, and the values of
modulus exhibited the same pattern and distribution in all of these different scan sizes, and clays
and quartz grains had modulus values of approximately 30 GPa and 60 GPa, respectively.
Furthermore, the map at highest resolution showed that the modulus values of the OM was in the
range 0-25 GPa; more importantly, there were two distinct peaks in the distribution of the modulus

values for the OM. This led to the conclusion that the OM probably constitutes two distinct types.

25



Table 2.3. Experimental properties of AFM-based testing on organic-rich shales

Experimental properties

Eliyahu et al. (2015)

Emmanuel et al. (2016a)

Emmanuel et al. (2016b)

Li et al. (2018b)

Shale & locations

Coring depths (m)

Coring

Orientation to bedding

Shape and no. of samples

Avg. sample dimensions

(cm)

Sample thickness (mm)

Sample surface roughness

(um)

AFM probe tip diameter

(nm)

Probe normal spring

constant (N m™1)

n/a

n/a

n/a, 3

n/a

n/a

n/a

40

650

n/a

nfa

n/a

n/a, 6

n/a

n/a

n/a

8-12

200

n/a

n/a

n/a

n/a, 2

n/a

n/a

n/a

200

26

Bakken, USA

2500-3300

Parallel

nla, 4

n/a

n/a

0.340

n/a

200



Assumed sample Poisson’s

ratio

Grit sizes used

Porosity (%)

Avg. TOC (wt %)

Dominant minerals

Temperature (°C)

Impact on geomechanical

properties

Remarks

Limitations

0.3

n/a

4.7-10.9

0.52-4.56

Quartz, Clay Minerals

Ambient

Poisson’s ratio

First application of PeakForce

QNM™ on OM-rich shales

Neglecting the impact of

anisotropy, Characterizing
OM types (kerogen, bitumen,

etc.)

0.4

n/a

n/a

0.76-11.21

Quartz, carbonate Minerals

Ambient

Thermal maturity

Neglecting the impact

anisotropy

of

0.4 0.2-0.5

n/a 1200 and 3000
n/a n/a

3.23-6.42 9.04-16.3

Quartz, carbonate Minerals Quartz, clay Minerals

25-225 nfa

Temperature Poisson’s  ratio,  Thermal
maturity

Impact of reservoir temperature on

stiffness of OM (both kerogen and

bitumen)

Neglecting the impact of Neglecting the impact of

anisotropy anisotropy, Characterizing OM

types (kerogen, bitumen, etc.)
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Emmanuel et al. (2016a) investigated the impact of thermal maturation on mechanical
properties (stiffness) of OM at the nanoscale, using six OM-rich shale samples with three different
levels of thermal maturity (%R, = 0.40,0.82,1.25) (Table 1 in Emmanuel et al., 2016a), which
corresponds to immature to early dry gas window. The samples were from a Cretaceous carbonate-
rich source rock from the southern USA. The bulk mineralogy and OM chemical properties were
evaluated by standard point-count methods used in organic petrology, Rock-Eval pyrolysis, and
XRD. After polishing the samples, an Environmental Scanning Electron Microscopy (ESEM) was
used to identify areas tcontaining an OM particle. Based on the morphological criterion that was
introduced by Loucks and Reed (2014), bitumen is the OM that existed inside the fossil body-
cavities, or the OM that existed within the voids that had been partially surrounded by mineral
cementation. Moreover, the other type of OM was identified as kerogen. Emmanuel et al. (2016a)
used Loucks and Reed (2014) morphological criteria to differentiate between different types of
OM. AFM scans were conducted using the PeakForce QNM™ method to map the stiffness of the
areas of interest (Eliyahu et al., 2015). Finally, the energy dispersive spectroscopy (EDS) detector
was used to image and map the chemical elements of the sample surface. Emmanuel et al. (2016a)
assumed the Poisson’s ratio value of 0.4 for organic matter. The Young’s modulus of kerogen was
found to be in the range of 3.2-29.9 GPa (Table 2 in Emmanuel et al., 2016a), which was in good
agreement with the results in previously published papers such as Kumar (2012) and Eliyahu et al.
(2015). The measured reduced moduli of bitumen did not have the same trend as the reduced
moduli of kerogen as function of maturity, and it was relatively uniform from low to high maturity.
The average measured reduced modulus of bitumen at medium and high maturity levels are 8.7
GPa, and 9.8 GPa, respectively, in a good agreement with the published values of Young’s

modulus values for bitumen of 5-10 GPa (Eliyahu et al., 2015; Zargari et al., 2013).
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Yang et al. (2017) introduced an application of AFM-based infrared spectroscopy (AFM-
IR) to measure the mechanical and chemical heterogeneity of OM in shale at the nanoscale. AFM-
IR is a novel technique in life and materials sciences, and it generates both chemical mapping and
mechanical stiffness mapping at nanoscale, in addition to the surface topography image from AFM
(Dazzi et al., 2010, 2012; Khanikaev et al., 2016; Qin et al., 2016). The work of Yang et al. (2017)
was the first application of AFM-IR to the nanoscale characterization of shales. A series of
different samples were prepared with different maturities using laboratory hydrous pyrolysis, and
these samples were subjected to the same AFM-IR analyses to understand the possible effect of

maturation on mechanical and chemical properties of OM.

AFM-IR works as follows: an AFM probe is placed in contact with an area of interest on
a surface. The tip radius should be smaller than 25 nm. At the same time, the area is irradiated with
a tunable IR laser (Dazzi et al., 2012). The sample thermally expands as a result of conversion of
the energy of absorbed photons to heat. This expansion happens when the laser wavelength reaches
the infrared absorption spectrum of the sample. This thermal expansion makes the AFM cantilever
oscillate. The oscillation amplitude is a direct function of the local IR absorption coefficient at the
IR wavelength where the sample starts to irradiate. As the cantilever and tip stay in contact with
the sample surface, the contact resonance (CR) frequency of the sample and AFM cantilever is
directly related to the sample’s mechanical modulus (Dazzi et al., 2010, 2012; Dazzi & Prater,
2017). This relationship between the CR frequency and sample stiffness, which comes from the
connection between the AFM cantilever oscillation amplitude and frequency, allows the mapping

of IR absorption and stiffness simultaneously at a fixed laser wavelength.

Yang et al. (2017) analyzed a distribution of measured CR frequencies on different types

of organic macerals (inertinite, solid bitumen, and tasmanite). These macerals were also identified
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in stiffness images. Figure 3 and Table 2 in Yang et al. (2017) provide information on these
constituents’ mechanical properties. According to this table, the average CR frequency of inertinite
is 182.1 kHz £ 1.7 kHz, and the resulting average CR frequencies of solid bitumen and tasmanite
are 178.8 kHz + 3.6 kHz and 177.2 kHz + 4.3 kHz, respectively. The spatial resolution of
mechanical and chemical maps of the macerals from AFM-IR method are orders-of-magnitude
smaller than the regular diffraction-limited IR microscopy (Yang et al., 2017). Combined
geochemical and geomechanical analyses of macerals also demonstrated that the mechanical
properties of macerals, mainly their stiffness, are a function of their chemical composition. The
maceral enriched in aromatic carbon (inertinite) is relatively stronger and has a relatively higher

mechanical stiffness than bitumen or tasmanite.

Li et al. (2018b) used PeakForce QNM™ to measure the mechanical property (mainly
stiffness) of the OM-rich shales within shale samples from Bakken formation. They found three
distinct mechanical phases including a) a soft phase with a modulus of < 25GPa, b) a medium
strength phase (modulus of 25 — 50 GPa), which is an intergranular matrix phase, c) a stiff phase,

which is inorganic and mainly isolated grains with a stiffness of 50 — 100 GPa.

Poisson’s ratio is highly important to the measurement of Young’s modulus in the PeakForce
QNM™ method. There are little data on the Poisson’s ratio of OM (Ahmadov, 2011; Eliyahu et
al., 2015); therefore, the possible effect of a change in Poisson’s ratio (0.2-0.5) on the Young’s
modulus was studied in Li et al. (2018b). They found that a change in Poisson’s ratio can lead to
4-25% difference between Young’s modulus and reduced modulus values, and this is in agreement
with the finding of Eliyahu et al. (2015), who noted an uncertainty of up to 12% in the calculated

Young’s modulus of OM.
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Tian et al. (2018) coupled X-ray photoelectron spectroscopy (XPS), Fourier transform
infrared spectroscopy (FTIR) and AFM to understand the relationship between the chemical
composition and adhesion force of OM. The measured adhesion forces of OM within the lacustrine
and marine shale samples were 100.86 +5 uN and 94.28 + 4.7 uN , respectively. Their
measurements showed that the OM in both continental shales and marine shales has a significantly
higher adhesion force compared to inorganic components within the shale. They did not observe a
significant change in the measured adhesion force when the preloading force was changed. Based
on their results from XPS and FTIR, they suggested that the C=C and C=0 bonds are the reasons
for the large dipole on the OM surface. Tian et al. (2019) extended the work of Tian et al. (2018)
to clay minerals in the shale and compared the adhesion force and the existing chemical bonds in
kerogen and clay minerals. The results from FTIR and XPS analysis of kerogen and clay minerals
showed that the chemical bonds on the kerogen surface were O—H, C—C, C-0, pyrrolic, while the
chemical bonds on the surface of illite were mainly Si—O and Al-O. The adhesion forces of other
minerals such as calcite, montmorillonite and muscovite were 23.8+11.8,33.7 +
6.28,and 105.1 + 9.1 nN, respectively. Tian et al. (2020) treated the surface of shales with
carbonic acid and investigated the impact of this treatment on the mechanical properties using
SEM/EDS, AFM and nanoindentation. The measured adhesion force of the nanoindentation
experiments revealed that the carbonic acid treatment made the samples more ductile, because the

brittle carbonate minerals were highly prone to an acidic treatment.

Figure 2.2 shows the experimentally measured Young’s modulus for different components of
shale from published research (Simmons and Wang, 1971; Castagna et al., 1985; Han et al., 1986;
Wang et al., 2001; Mavko et al., 2009; Kumar et al., 2012; Eliyahu et al., 2015; Wilkinson et al.,

2015; Khatibi et al., 2018). Most of these measurements were conducted at the nanoscale to
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microscale using nanoindentation or AFM. It is clear from Figure 6 that OM is the least stiff

component in shales (< 30GPa) and the pyrite is the most rigid constituent (> 250 GPa).

2.1.2.1. Summary of application of AFM-based methods on OM-rich shales

AFM’s capability to measure the mechanical properties of OM-rich shales has been the
subject of several papers (Eliyahu et al., 2015; Emmanuel et al., 2016a, 2016b; Yang et al., 2017;
Li et al., 2018Db). It was shown that this mode of AFM can map the measured reduced modulus,
then the map of measured reduced modulus was compared with the chemical spectral analyses of
the scanned surfaces from SEM/EDS. Therefore, it is possible to use AFM-based nanomechanical
characterization of shale to classify OM-rich shales based on stiffness measurements. Even though
the impact of maturity on the stiffness and mechanical strength of OM was the subject of some
AFM-based and nanoindentation-based publications, it is still unclear from this work whether the

increase in maturity results in an increase or decrease in the stiffness of OM.
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Figure 2.2. Young’s modulus of important constituent minerals in OM-rich shales
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The impact of OM maturity on the stiffness measurements using the AFM-based method has
been studied by Eichmann et al., 2016a; 2018). Figure 2.3 shows the measured reduced elastic
modulus for OM at different maturity levels from Emmanuel et al. (2016a) and Zargari et al.
(2016), which was based on modulus mapping. There is a large difference between the results of
these two previous papers. The moduli of OM increased from the sample with the lowest maturity
to the sample with the higher maturity, and it stayed almost constant when the maturity increased
further (Emmanuel et al., 2016a). As a result of maturation, the proportion of aromatic compounds
increased, and the weight percentage of aliphatic C — H bonds decreased. These chemical
alterations led to an increase in kerogen density, and Emmanuel et al. (2016a) concluded that as
the elastic modulus of synthetic organic polymers are highly and directly correlated with density,
and they expected the same behavior for kerogen. Eichmann et al. (2018) measured the modulus
of OM-rich shale samples using the PeakForce QNM ™ method. The samples had different thermal
maturities from immature to overmature, but they did not observe a specific correlation between
the maturity level and the elastic modulus of OM. Yang et al. (2017) showed that AFM-IR is
capable of chemically mapping different types of OM within the OM-rich shales, but this method
is not capable of measuring the mechanical properties quantitatively. Therefore, it is worthwhile
to combine the stiffness measurement using AFM (PeakForce QNM™) with the AFM-IR to find

the relationship between the types of OM and stiffness.

2.1.3. Comparison between nanoscale mechanical experimental methods

Overall, three nanoscale mechanical experimental methods have been applied to measure
the mechanical properties of shales in the nano- to micro-scale. Two of them are nanoindentation-

based method (gridded-nanoindentation and modulus mapping) and the other one is an AFM-based
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method (PeakForce QNM™). Table 2.4 includes a summary of advantages and limitations of these

three methods.
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Figure 2.3. Reduced elastic modulus of kerogen at different maturity levels: (a) the results from

Zargari et al. (2013), and (b) the results from Emmanuel et al. (2016a).
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Table 2.4. The summary of advantages and limitations of each nanoscale mechanical characterization methods

Nanoscale mechanical

characterization methods

Advantages

Limitations

Gridded Nanoindentation

Modulus Mapping

PeakForce QNM™ (AFM-based)

Compatible for measuring both

elastic and plastic properties

Measuring the contact force,

reduced modulus, the tip’s
amplitude, and the phase difference
in the form of two dimensional
(2D) images. This makes possible
to easily compare these 2D images
with the EDS elemental maps and

recorded SEM images.

Measuring the reduced modulus
continuously on the surface of
sample. This makes possible to
easily compare the measured
reduced modulus data with the EDS
elemental maps and recorded SEM

images.

Finding the accurate indentation
depth and spacing of the pattern for
gridded-nanoindentation and are
crucial to measure the moduli of the
single component (i.e., a distinct

mineral)

The modulus mapping is based on an
assumption that the indenter tip has a
specific shape such as a spherical
shape, and the measured storage
modulus is highly affected by the

radius of contact.

It applies a lower force and measures
the elasticity modulus, and this
makes hard to measure the creep

properties with this method
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2.1.3.1 Comparison between the gridded nanoindentation and modulus mapping

techniques

According to Ulm and Abousleiman (2006), the main assumption of the gridded-
nanoindentation method is that the two component materials have a distinguishable difference in
their mechanical properties. Therefore, for complex materials such as shale that consists of more
than two components, designing the pattern for gridded-nanoindentation is crucial to measure the
moduli of the single component or phase (i.e., a distinct mineral), instead of measuring the moduli
of the mixture of different minerals. However, the real contact force, the phase difference, and the
amplitude of the tip are mapped directly in the whole area of interest in the modulus mapping
method. Consequently, the reduced modulus is mapped in the whole area of interest. This
capability of modulus mapping makes it possible to compare the recorded reduced modulus maps

with the recorded SEM images of the same area.

For the complex materials such as shale, it is necessary to combine the gridded
nanoindentation with statistical methods, such as deconvolution techniques or multivariate
clustering techniques, to construct a histogram of each mechanical property over the
nanoindentation area. The mean and standard deviation of the measured indentation modulus and
hardness for each mechanical phase are crucial statistical parameters. Moreover, the probability
that one set of recorded measurements (indentation modulus and hardness) belongs to a specific
mechanical phase is the main basis for the algorithm to determine different mechanical phase.
Therefore, the level of uncertainty for the measured indentation modulus and hardness for each
mechanical phase are important in the accuracy of combined gridded nanoindentation with

statistical methods.
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In relation to investigating the creep behavior, a quasi-static nanoindentation creep test can
provide modulus and hardness of the sample at the end of the creep test (maximum indentation
depth), but it is important to understand how a sample behaves during the test. In the modulus
mapping based on the nano-DMA method, the average value of the quasi-static force is kept
constant, but it fluctuates a little because of the need to measure the contact stiffness continuously.
The modulus is calculated at the start of the holding stage, and this is used to measure the contact
area continuously. This allows an accurate and continuous calculation of the average penetration
depth and contact pressure over time. Therefore, modulus mapping based on the nano-DMA
method is capable of investigating the creep behavior during the test, unlike gridded

nanoindentation.

The contact area is calculated differently in nanoindentation and modulus mapping.
According to Oliver and Pharr (2004), the projected contact area in nanoindentation is determined
from the area function (Eq. 23 in Oliver and Pharr, 2004). However, the modulus mapping assumes
that the indenter tip has a spherical shape. Therefore, the contact area in the modulus mapping has
a spherical shape, and the storage modulus is highly affected by the radius of contact. This
difference in the way contact area is measured causes a difference in the accuracy between these
two methods, and the nanoindentation method is more accurate for modulus measurement than
modulus mapping (Zhao et al., 2019). The relationship between the size of the contact area and
the resolution of nanoindentation and modulus mapping was studied by Zhao et al. (2019). In the
modulus mapping method, the measured contact radius for organic matter and the stiff minerals is
approximately 40 nm and 10 nm, respectively, and the estimated contact areas are smaller than
7.85 x 103 nm? (Zhao et al., 2019). A nanoindentation test was conducted on quartz in the same

test area that modulus mapping was conducted. Zhao et al. (2019) measured the contact area of
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indentation using the area function and estimated it to be 3.75 x 10° nm?2. The contact area of
the nanoindentation method on the softer constituents is most likely larger than for quartz.
Therefore, the measured reduced modulus in the modulus mapping method has a higher lateral

resolution compared to measured indentation modulus in the nanoindentation method.

2.1.3.2. Comparison between the grided nanoindentation and AFM-based

techniques

The PeakForce QNM™ method has advantages and disadvantages compared to the gridded
nanoindentation method. The main advantage of this method is that it provides a continuous
measurement of the modulus for the different mechanical phases on the surface of shale samples,
whereas gridded nanoindentation is based on a grid of nanoindentations over the specific area of
the shale sample (i.e., the area of interest). Each indentation is made with a specific spatial distance
from the other indentations. It is possible to compare the resulting modulus map from AFM-based
methods (PeakForce QNM™ and other similar methods) with the EDS elemental maps. This
comparison is straightforward and can be used to determine the mineralogy of each mechanical
phase (Eliyahu et al., 2015). The results from gridded nanoindentation and deconvolution methods
are also comparable to the EDS elemental maps, but this comparison is not straightforward because
the final product of gridded nanoindentation techniques is not a modulus map. The resulting
deformation on the sample surface in the PeakForce QNM™ method is approximately 5-20 nm
(Eliyahu etal., 2015; Emmanuel et al., 2016a; Li et al., 2018a), but nanoindentation-based methods
induce deformations usually at the scale of hundreds of nanometers, and in some cases up to
micrometers (Deirieh et al., 2012; Ulm & Abousleiman, 2006). PeakForce QNM™ is a non-

destructive method because a relatively low force is applied to the sample surface (Li et al., 2018a;
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Zeng et al., 2018). It is worth mentioning that other kinds of the AFM force mapping methods

which apply a relatively low force are also non-destructive.

2.1.3.3. Comparison between modulus mapping and AFM-based techniques

Both the modulus mapping based on Nano-DMA and second mode of AFM force mapping
methods, such as PeakForce QNM™, provide a modulus map of the sample surface, but there is a
difference between the type of modulus that these two methods are measuring. The nano-DMA
method applies a higher force, and as a result it measures the viscoelastic behavior of the sample.
However, the methods based on the second mode of AFM force mapping apply a lower force and
measure the elasticity modulus (Young’s modulus) of the sample. The nano-DMA and gridded
nanoindentation methods can be utilized to measure the creep behavior of the shales at the
nanoscale (Liu et al., 2018a; Slim et al., 2019), while it is not easy to apply the second mode of

AFM force mapping methods to investigate creep behavior.

2.2. Pore structure characterization methods

Conventionally petrophysical methods use a quantitative assessment of rock properties to
characterize reservoirs for their hydrocarbon potential (Anovitz and Cole, 2015). One important
information needed is whether pores (and not uncommonly fractures) are interconnected and how
are they interconnected. These information leads to conclusions that how pores control the
accumulation and migration of fluids (water, oil, and gas). The key properties of interest in
petrophysical methods are lithology (e.g., grain fabric, mineralogy), porosity, permeability, water
saturation, and density. The measurement methods are classified into three broad categories, (a)
on core or crushed rock, (b) within the borehole using well logging tools, and (c) seismic methods.

This review just focuses on the methods that are applied on core or crushed rocks. The methods in
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this category can be divided into direct measurements on solids and indirect methods via imaging

of a rock chip or core.

2.2.1 Direct methods

There are several methods to directly measure rock porosity: (1) saturation or imbibition,
(2) buoyancy, (3) gas expansion (He porosimetry), (4) gas adsorption (BET) and (5) mercury
intrusion porosimetry (MIP) (e.g., Clarkson et al., 2012; Hu et al., 2017; Kibria et al., 2018;
Sondergeld et al., 2010). All these methods only measure the connected porosity of the samples as

a fluid is used to be only accessible to sample surface-connected pores.

Saturation or imbibition: Imbibition is a capillary-force-controlled process during which
a non-wetting fluid is displaced by a wetting fluid because of capillary pressure effect (Gao and
Hu, 2016). The product of driving force and conductivity determines the rate of imbibition (Hu et
al., 2001). Normally fluids such as dichloromethane or toluene have been used in the past, but
more recently many researchers tried to make the experimental conditions more similar to reservoir
conditions. Therefore, fluids such as brine have been used more recently. Handy (1960) introduced
an equation to quantitatively describe the imbibition process in a water-air system. In this system,
imbibition occurs vertically upward with negligible upward gravitational force. Applying Handy
(1960) equation results in different imbibition slopes depending on how well interconnected the
pore system is. A plot of cumulative imbibition mass/height vs. imbibition time on log-log scale
shows Fickian diffusion-type behavior. Hu et al. (2012) reported three types of slopes for
imbibition of different rocks in a log-log scale (0.5, 0.26, and 0.26 transitioning to 0.5) without
assuming the existence of pore connectivity. Theoretical studies based on the percolation theory
suggest that higher-slope values show that a pore system is well connected, while lower- slope

values are a representation of low pore connectivity (Hu et al., 2012; Hunt et al., 2014).
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Buoyancy: It is the force which applies upward by a fluid in opposition to the weight of a
fully or partially immersed object. The buoyancy and saturation methods have slight differences.
In the saturation method, the dry weight was determined first, then the rock sample was saturated
with a wetting fluid with known density. The bulk volume of the saturated sample was calculated
next. However, in buoyancy method, the saturated sample is suspended in a bath of the fluid, which
is same as the saturating fluid, using a cradle to suspend the saturated sample. The actual weight
of the suspended sample and cradle in the fluid is (W;,s + W,,4q); therefore, the weight of the
cradle (W,,.qq) is required. Moreover, W, is the weight of the suspended saturated sample

(Anovitz and Cole, 2015).

Gas expansion methods: They are designed based on Boyle’s law, and helium (He)
porosimetry is the most well-known gas expansion method. These methods are classified as the
most accurate techniques to measure effective porosity in lithologies such as sandstone and low
permeable rocks as well. Helium has been used more in gas expansion methods comparing to other
gases because its small molecules can penetrate small pores quickly, and due to its inertness, it
does not adsorb on rock surfaces such as C0O, or H,0 may do. Moreover, helium can be classified
as an ideal gas usually for the employed experimental conditions (temperatures and pressures).
Also due to high diffusivity of helium, it can be highly useful gas for determining porosity of low

permeable rocks (Anovitz and Cole, 2015).

In this method, a dry core (or crushed rock) with a known bulk volume (V) is placed
in a container with a known volume (V). This container is connected to the other container with
a known volume (V3,), which is evacuated. Helium gas is released into the first container with a
specified pressure (P;) that is typically around 100 psi. This amount of He gas is then released to

the second chamber and allowed to equilibrate throughout both containers. The He gas then
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diffuses through the pores of the sample, which results in decrease of the pressure to a new stable
level (P,). Then the ideal gas law is employed to calculate the volume of the pores (Anovitz and

Cole, 2015).

Gas adsorption methods: Adsorption is simply the adhesion of molecules, ions or atoms
from a dissolved solid, liquid or gas to a surface. Low-pressure gas adsorption is usually used to
measure the pore volume and surface area of geological materials. In low pressure adsorption
experiments, the phase behavior is below the critical point of the fluid used; therefore, capillary
condensation becomes important which leads to important information about pore structure,

surface area and pore size (Anovitz and Cole, 2015).

Mercury intrusion porosimetry (MIP): While small angle neutron scattering (SANS)
method provide information about both accessible and inaccessible porosity indiscriminately, fluid
invasion techniques such as MIP is only capable of measuring pore systems connected to the
boundaries of a sample end. Consequently, it provides a complementary information about the
total volume and size distribution of edge-accessible porosity. MIP can characterize the pore throat
size distributions in porous media from the micron scale to the nano scale. Moreover, the data from
MIP measurement are indicative of various characteristics of the pore space and is employed to
characterize a various physical property of the solid material as well (Anovitz and Cole, 2015).
Applications of MIP can be divided into three main categories: 1) information gained using a
special or multiple methods, such as pore cavity to pore throat size ratio, material permeability and
fractal dimensions, and distribution of pore cavities associated with a pore throat size; 2)
information gained from volume and mass measurements only, material volume and density,
percent porosity and percent porosity filled, and interstitial void volume; 3) information obtained

from Washburn’s equation, pore volume distribution by pore area, number of pores, and pore size
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(Webb and Orr, 1997; Webb, 2001, Anovitz and Cole, 2015). Mercury is the best example of non-
wetting phase. Consequently, it cannot enter pores due to capillary action, and it can just access

interconnected pores.

2.2.2 Imaging methods

It is possible to apply a broad range of direct imaging methods to explore the nature of
porosity and its possible relationship with minerals in rock materials. The imaging methods
includes scanning electron microscopy (SEM) with energy dispersive X-ray spectroscopy (EDX),
focused ion beam-SEM (FIB-SEM), transmission electron microscopy (TEM), nuclear magnetic
resonance imaging (NMRI), Atomic Force Microscopy, and X-ray tomography (Anovitz and Cole,

2015).

Scanning electron microscopy (SEM): Using SEM and EDX instruments, it is possible
to look down into the pores, identify the minerals within the rock samples and understand the
distribution of these minerals within the pores (Anovitz and Cole, 2015). In the SEM, the
interactions of electron beam with the sample generates various signals as the SEM scanned the
sample surface in the raster pattern. Consequently, the image is produced by recording those
various signals (Huang et al., 2013). The end goal of pore structure characterization is usually
focused on understanding both the topography and composition of pore structure. One main
consideration in using SEM and EDX is the surface roughness and quality of polishing. Low
quality of polishing leads to creation of artificial pores and fractures that causes an inaccurate
accounting of true porosity. It is common to have an artificial pore at the contact between resilient
phases such as feldspar/quartz and soft phases such as clays. To solve this issue, argon-ion milling

is used to gently polish the surface to preserve true mineral texture (Erdman and Drenzek, 2013).
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Focused lon Beam-SEM (FIB-SEM): In this method, a series of sectioning and imaging
is conducted to produce a sequence of SEM images. This technique leads to a 3D visualization of
the minerals, pores, and structure of samples. Using these generated 3D images, it is possible to
calculate pore-size distribution, porosity, permeability, and kerogen volume percentage (e.g.,

Heath et al., 2011; Curtis et al., 2012; Huang et al., 2013; Han et al., 2022).

Although FIB-SEM is popular and useful for 3D visualization, it has some limitations such
as the sample area is extremely small. Consequently, results from FIB-SEM imaging may not be
representative of the sample (Silin and Kneafsey, 2012). The FIB milling process, when specially
conducts at high beam currents, can make to various form of artificial porosity. Moreover, small
cracks can be generated because of machining. Therefore, it is necessary to investigate the nature
of these cracks such as the existence of clay particles inside the fractures and their origins (Anovitz

and Cole, 2015).

2.2.3. Scattering Techniques

The instrument geometry and data acquisition scheme (e.g., pinhole, Bonse-Hart, spin-
echo, time-of-flight etc.) or the type of radiation (X-ray or light, neutron) employed are two ways
of classifying the scattering techniques (Anovitz and Cole, 2015). Neutrons are particles with low
level of interacting forces between them, so they are ideal for nondestructive testing of large
sample volumes (Zhang et al., 2019). Neutron scattering provides an information for the structure
of both connected and isolated pores, but fluid invasion methods such as MIP, helium pycnometry,
and low-pressure adsorption just measure the connected pores (e.g., Clarkson et al., 2012, 2013;

Melnichenko, 2016; Zhang et al., 2019).
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Methods
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3.1. Sample preparation

Shale samples for the mechanical characterization in nanoscale are from the lower section
of Bakken Formation (Anyanwu, 2015). The samples were cut into small cubes with each side of
roughly 1.0 cm. Then it was polished with sandpapers with grit sizes of 180, 400, 800, and 1200.
After polishing with sandpaper, it was polished with Argon lon Polishing (IM4000 Plus
manufactured by Hitachi) to make a smoother surface. The process of polishing with Argon lon
Polishing is as follows: The sample was polished in the flat mode at 4 kV and angle of 85° for 2-
3 hours. This method produces a highly smooth surface free from artifacts, which are common in
mechanical polishing of shales (Loucks et al., 2009). Shale samples for investigating the pore
structure are from the Bossier and Haynesville Formations (Wang, 2019). The samples were cut

into approximately 10 mm x 10 mm X 5 mm sections for fine polishing and milling.

3.2. Scanning electron microscopy

The SEM with EDS has been used to identify different minerals and pore spaces in the
shale samples. For the pore structure analysis, the SEM images were taken by Hitachi S-4800 1l
FE-SEM. For the nanomechanical characterization of shales, the SEM images were taken by
Hitachi S-3000N variable pressure SEM, which has an integrated EDS system. Using EDS, it is

possible to identify OM within organic-rich shales.

3.3. Atomic Force Microscopy (AFM)

Nanomechanical characterization and pore structure analyses were conducted using the
Asylum Research Cypher-ES AFM (Oxford Instruments). AFM was introduced for the first time
by Binnig et al. (1982), and the scanning-tunneling microscopy (STM) was precursor to current

version of AFM. Binnig et al. (1986) extended STM applications to scan surfaces other than
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conductive and semiconductive materials, and this resulted in the invention of AFM (see Figure

3.1 for a general schematic).
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Figure 3.1. General schematic of a typical AFM. A reflected laser from the cantilever is detected

by the quadrant photodiode (PSPD), and a signal is transmitted to the data acquisition

equipment.

The tip was mounted on a cantilever spring, and the monitoring system controlled the
cantilever deflection corresponding to the tip/surface forces (Binnig et al., 1986). As the tip/surface
interaction forces are a function of gap width, the AFM feedback loop can keep the gap between

tip and surface constant using vertical tip displacement compensating for cantilever deflection.

In AFM analyses, a flexible cantilever acts as a spring while it is scanning a sample or
substrate. This makes possible to determine the net force between a coating at the tip of the
cantilever and a substrate or a sample. The arm of cantilever is bended as a result of local repulsive
and attractive forces between the tip and sample. A deflection of the cantilever is optically detected
and converted into an electrical signal (The laser, mirror, and PSPD, which is Position-Sensitive

Photo Detector, parts in Figure 3.1). The electrical signal is used to determine the force vs distance
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curve using Hook’s law (Figure 3.2). A focused laser beam is reflected from the end of the
cantilever onto PSPD. Based on the optical lever principle, a small deflection of the cantilever is

converted to a large deflection in the location of the reflected signal in a PSPD.
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Figure 3.2. Schematic of a generated force-distance curve for a single tapping of AFM.

Hertz (1882) provided the first satisfactory analysis of stress at the contact between two
elastic solids. Hertz assumed that the contact between two solids has no adhesion. Considering a
contact between a rigid sphere with a radius R and an elastic half-space (figure 3.3a), according to
Hertz theory of contact mechanics, the contact radius a is related to the applied load F, the radius

of rigid sphere R, and the elastic properties of both materials

o= (2

where E™ is the combined modulus of the rigid sphere and an elastic half-space given by

1_(-v) a-v) (32)

E* E, E,
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In Equation 3.2, E; and v, are the elastic modulus and Poisson’s ratio of the rigid sphere, and E,
and v, are the elastic modulus and Poisson’s ratio of the elastic half-space.
According to Hertz the penetration depth d is related to contact radius and rigid sphere

2
radiusRas d = %, which results in

o2 \'/3 (3.3)
4= (16RE*2>

The maximum pressure p, is related to the applied load F and contact radius as p, = %

a?’

which results in

m3R?2

<6FE*2)1/ 3 (3:4)
Po =

Considering a contact between a rigid cylinder with flat end and an elastic half-space (figure 3.3b),
the relationship between the penetration depth d, applied load F, and the radius of rigid cylinder

R, is given by

F = 2RE*d (3.5)
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Figure 3.3. (a) Contact of a rigid sphere with an elastic half-space and (b) contact between a

rigid cylinder and an elastic half-space

According to Oliver-Pharr model (1992), for all axisymmetric indenter, there exist a
constant relationship between the elastic contact stiffness, S, the projected are of contact, A, and

the reduced or indentation modulus, E*:

_Vrn S
-

*

(3.6)

where S is an elastic contact stiffness (or unloading indentation stiffness) is defined as the slope
of the upper part of the unloading curve. The projected area of contact, A4, is simply calculated

from the radius of the contact, a,

A= ma? (3.7)

Based on Oliver-Pharr contact model, the radius of contact, a, is computed as follows:
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a=+/2h.R — h2 (3.8)
In this Equation, h, is the contact depth, which is computed from the Oliver-Pharr model,

F (3.9)

where h is the total measured displacement into the sample, and ¢ is a geometric constant, with
values of 0.72, 0.75, and 1 for the conical indenter, paraboloid of revolution and the flat punch,
respectively. It is clear from both Hertz model and Oliver-Pharr model that contact radius is

calculated by nominal radius of indenter tip, contact depth, and applied load.

One of the most crucial steps in many AFM applications is choosing a suitable AFM probe
for accurate measurements. The AFM probe with a given cantilever spring constant, can measure
the limited range of Young’s modulus. The AFM probe for Force-Distance (F-D) curve
experiments is PPP-NCLR which is manufactured by Nanosensors. The average normal stiffness
of PPP-NCLR probe is 48 N /m which is suitable for measuring the stiffness of OM. In F-D curve
experiment protocols, the deflection sensitivity of the probe was determined by ramping onto a
stiff Silicon sample (E = 150 GPa) after every laser alignment. A PMMA sample was used as a

reference to keep track of tip shape and radius (49.5 nm).

Figure 3.4 shows schematic of the mechanism of LFM. The scan direction in LFM is
perpendicular to the length of probe cantilever (figure 3.4a). The relative lateral displacement (D)
between the holder and sample is increased at a constant rate. The normal load F, is kept constant
by a feedback loop, and the resulting lateral force from the relative lateral displacement, F; is

measured (Figure 3.4b).
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(a) Quadrant
photo detector

laser

Figure 3.4. (a) A schematic of the mechanism of LFM. (b) The relative lateral displacement (D)
between the holder and sample increases at a constant rate. The normal load F,, is kept constant
by a feedback loop, and the resulting lateral force from the relative lateral displacement, F; is

measured.

Contact mode was used, and CSC38A probes manufactured by MikorMasch and PPP-
LFMR probes manufactured by Nanosensors have been used for lateral force microscopy (LFM)
experiments. The average normal stiffness of CSC38A and PPP-LFMR probes are 0.09 N/m and
0.2 N/m, respectively. The lateral force calibration was conducted based on the wedge method

(Ogletree et al., 1996; Varenberg et al., 2003), which returned a conversion factor of 299.14 +
56.56 "N/V for CSC38A and 703.99 + 11.77 ”N/V for PPP-LFMR probe. Figure 3.5 presents
the calculated lateral force calibration parameters for one scan line.

In the wedge method, the standard sample of TGF11 manufactured by MikroMasch has

been scanned and the lateral force signal recorded. When plotting the lateral force signal vs. the

shear displacement for both the trace and retrace scan directions, a friction loop results (Figure.
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3.5). The values of W and A are calculated as the following (Varenberg et al., 2003):

W=l . Ta (3.0)

Ao TutTa (3.11)
2

where T is the recorded lateral signal in Volts, W is the half-width of the friction loop, and A is
the offset of the friction loop. The indexes of u and d are related to the uphill (trace) and downhill

(retrace) movement of the cantilever tip, respectively.
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Figure 3.5. Friction loop and calculated lateral force calibration parameters for one scan line at two different normal loads
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Figure 3.6 showed the calculated calibration parameters for seven different scan lines for
different Deflection SetPoint (V) (1.888, 2.518, 2.833, 3.147, 3.462, 3.777, 4.091, 4.406, 4.721,
5.350, and 5.665). These SetPoints are associated with 11 corresponding normal loads (30 nN, 40
nN, 45 nN, 50 nN, 55 nN, 60 nN, 65 nN, 70 nN, 75 nN, 85 nN, and 90 nN). Then, a linear fit to

scattered data for each W and A are calculated, and the slopes A'= dA/dL and W' = dW/dL' Lin

these equations is the Deflection SetPoint. Ogletree et al. (1996) assumed that there is a linear
relationship between W and applied normal load and 4 and applied normal load, so the impact of

any dc offset in the lateral force sensor and adhesion force are eliminated.

The two slopes A" and W' are calculated as follows (Ogletree et al., 1996):

( a )A’ ., (@ +pu*)sinfcosh (3.12)

InvOLS K/ 7° = cos26 — u?sin2 6

a R K (3.13)
- YW =w'=
(ITLUOLS * K) ° cos? 0 — u?sin? @

where a is the lateral force calibration factor, InvOLS is the inverse optical lever sensitivity in

”m/V, K is the normal spring constant of the probe, u is the friction coefficient of the standard
sample, 6 is the angle of the sloping section of the standard sample, and the subscript o
corresponds to the values in the Voltage. Using the ratio of equation (3.12) and (3.13), it is possible
to find the friction coefficient between the tip and sample surface by solving the following equation
(3.14):

1 24, (3.14)
u W) sin26

u+
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After calculating the tip-surface friction coefficient, it is possible to calculate o from the
equations for W' and A’. Table 3 shows the information of linear fits to the recorded calibrated
data (the scattered data which is shown in Figure 8). Rearranging the equation 3.14 results in a
quadratic equation (eq. 3.15). Solving this quadratic equation, We find two values for friction

coefficient (u): u = 0.3621,2.7614. The u = 0.3621 is the acceptable value.

W, sin26 pu? — 2A,u + W, sin26 = 0 (3.15)

Scattered plot and linear fits of calibration data for CSC38-A

{  Wslope (V)
fit to W slope §

W flat (V) g % 8
,6'/

. fit to W flat §
[ o Delta slope (V)

fit to Delta slope

15 2 25 3 35 4 45 5 55 6
Normal load (V)

Figure 3.6 Scattered plot and linear fits to the calibration parameters (Ws;op,, and W4, are the

W for the slope section, and flat section, respectively. Ag,, is the A for the slope section)
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Chapter 4:

Investigating the mechanical properties of the shale organic matter in nanoscale using

AFM
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4.1 Results of SEM/EDS analyses

SEM and EDS analyses were conducted on the Bakken Shale samples to find the OM
regions on the sample. Figure 4.1 shows the SEM images of the Bakken Shale sample in the
backscattered electron (BSE) detection mode. In both Figure 4.1-a and -b, the OM is identified.
Figure 4.2 shows the EDS elemental mapping in the same area as Figure 4.1. Figure 4.3 indicates
the comparison of the EDS spectra of OM and inorganic constituent minerals. The EDS spectra of
point one (Figure 4.3b) shows that carbon is the dominant element in the dark ellipsoid area of the
sample. The EDS spectra of points two (Figure 4.3c) and point 6 (Figure 4.3g) show that pyrite is
the dominant constituent mineral at these points. The EDS spectra of point three (Figure 4.3d)
points out that feldspar is the dominant phase at this point. The EDS spectra of points four (Figure
4.3e) and point 5 (Figure 4.3f) exhibits that clay minerals are the dominant constituent mineral at

these points.

WD15.1mm 28.0kV x150 300um
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WD1'5.[0mm 23, 0kVA x300] 100um

Y

Figure 4.1. SEM images of the Bakken Shale sample in the BSE mode
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(1)

100 pm

Figure 4.2. EDS elemental mapping in the areas of interest: (a) original SEM in BSE mode, (b)

oxygen, (c) iron, (d) carbon, (e) silica, (f) sulfur, (g) calcium, (h) aluminum, and (i) potassium.
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Figure 4.3. EDS spectra of OM and inorganic constituent minerals at areas of interest; (a) backscattered image of the area of interest

and location of different measurement points, (b-g) EDS spectra of six different points, and point one (b) is OM and five other points

(c-g) are inorganic constituent minerals.
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4.2. Results of Force-Distance curve tests

Figure 4.4 shows the surface topography of area of interest within OM (top) and their
surface topography in 3D (bottom). The location of measured F-D curves is shown in Figure 4.4a

and c. The Young’s modulus of OM is measured using the Hertz and Oliver-Pharr contact model.
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Figure 4.4 Surface topography of areas of interest within OM (top) and their surface topography

in 3D (bottom).
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Figure 4.5 Force-Distance curve experiments at three different locations of the OM and their

fitted Hertz-model

The measured Young’s modulus (E) from the fitted Hertz-model is in the range of 1.5 —
4.5 GPa, which is in the same range as the previously published works in the literature (Eliyahu
et al., 2015; Emmanuel et al., 2016a; Li et al., 2018b). The histogram of the measured Young’s
modulus of OM is shown in Figure 4.6. The histogram shows two mechanical phases in the
measured Young’s modulus. Phase one has Young’s modulus of less than 5 GPa or slightly higher
than 5 GPa, and phase two has Young’s modulus of 10 GPa or higher. Phases one and two are

most likely related to bitumen and kerogen, respectively.

64



IS
a

N N w w IS
=3 a S a S

Frequency

=
@

10 |

0 5 10 15 20 25 30 35 40
E(GPa)

Figure 4.6 Histogram of the measured Young’s modulus of OM

4.3. Results of LFM experiments

Figure 4.7a shows the surface topography of OM for an area of (960 x 960 nm?) in 2D,
and Figures 4.7b-c present the surface topography in the smaller region (450 x 450 nm?) within
Figure 4.7a. The surface topography does change just roughly 10 nm in the region with an area of
(450 x 450 nm?).
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Figure 4.7 (a) A surface topography of the OM in 2D for an area of (960 x 960 nm?), (b, and
¢) A surface topography of OM in the smaller region (450 x 450 nm?) within the fig. 4.7(a).

Figure 4.7b, and c are in 2D and 3D, respectively

LFM measurements were conducted over a range of applied loads varying from 9.6 nN to
68.3 nN. Two exemplary friction loops, measured under applied loads of 9.6 nN and 68.3 nN are
shown in Figure 4.8, which shows that the lateral force (friction force) is increasing roughly as a
function of increasingly applied load. Different number of friction loops were conducted for each
applied load. The applied loads, F;, and their corresponding number of friction loops, n, are as

follows: 9.6 nN (345), 15.5nN (322), 22.8nN (299), 34.1nN (309), 45.5 nN (260)
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56.9 nN (338), 68.3 nN (328). There was no ‘stick-slip’ motion being observed, but some local

‘stick’ events were observed.

25

T T
FI =9.6 nN

= Trace
20 | FI =68.3nN
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Figure 4.8 Friction loops acquired on OM under applied loads of 9.6 nN and 68.3 nN. In this

graph the forward scan direction (trace) and backward scan direction (retrace) are shown.

The load-dependency of friction was investigated and is shown in Figure 4.9. The red curve
is the result of the Hertz-plus offset model and the circles with error bars are the average of the
measured friction force under each applied load and the magnitude of change in measured friction

force.
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Figure 4.9 Load-dependent friction, with normal force representing the combination of applied

load and adhesion force.
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Chapter 5:

Quantitative studies of shale pore structure using AFM and image processing
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5.1 Quantitative analyses of pores

The pores must be identified before their quantitative analyses. The Grains module of
Gwyddion software has different methods to obtain the pore distribution including the Threshold
method, Edge Detection method, Segmentation method, Otsu’s method and Watershed method.
The Invert Height function was used to mark the pores (Zhao et al., 2019). The main principal in
the watershed method is that the water flows to a region with a local minimum potential. The
following steps explain the process of pore evaluation using this method: (1) the water drops all
over the surface of the sample; (2) if the water drop is not at a local minimum, it flows along the
steepest path to minimize its potential energy; and (3) finally, the following geometrical properties
of the pores are measured including pore size, plane porosity, pore surface, are and pore volume,

which is assessed by the volume of water flowed to the local minimums (Zhao et al., 2019).

5.2 Results

5.2.1 Results from SEM image analyses

SEM analyses was performed on Bossier and Haynesville Shale sample (Figures 5.1-5.2). The
pore diameter and area were measured using ImageJ software, which is an open-source software
provided by the National Institute of Health (NIH). An analysis the SEM images shows that the
pores are mainly with the nm- and um- regime. Loucks et al. (2012) introduced a descriptive
classification scheme of the matrix-related pores in shale: interparticle pores (pores between
crystals and mineral particles), intraparticle pores (pores within particles), and OM pores. All of
these pore types are observed in the SEM images of our shale samples. Figure 5.1 shows the SEM
analyses of Bossier Shale sample. Intraparticle pores and fractures are observed in Figure 5.1a,

and the diameter of these intraparticle pores are between 80 nm and 210 nm. Observed intraparticle
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pores in Figure 5.1b are narrower than the ones in Figure 5.1a. Many slit-like pores and a region
of porous OM are observed in this figure as well. The diameters of OM pores are approximately
about 10 nm to 150 nm (Figure 5.1c). Figure 5.1d shows intraparticle pores, whose diameters are
approximately about 100-—160 nm. Bubble-like pores, slit-like pores, and pyrite framboids are also
observed in Figure 5.1e. The diameters of bubble-like pores are roughly 80-180 nm (Figure 5.1f).
The openings of slit-like pores are about 20-60 nm and a few pores with openings close to 100 nm

(Figure 5.1f).

Figure 5.1

! and 51C~ intraparticle : ! \ I / g B
- pores 5 - Intraparticle_—"
£ .[ ! \ i e Tl 5 pores :
P = Slit-ike pores —
g : __OMpores 3 e
Fraclure oM \\
— ¢ v Intraparticle

86!y 47
alte

-Pore-throat

Sip
\7{,"\.’55’9 am

=
iFJ 5:nm

Figure 5.1e
and 5.1f

15.0k!

Figure 5.1. SEM images for a Bossier Shale sample; (a) wider region of the 5.1b and ¢ images,
fractures, intraparticle pores, and pore throat; (b) intraparticle pores, OM pores, and slit-like
pores; (c) showing some of the measured pore diameters; (d) wider region of 5.1e and f, and
intraparticle pores; (e) bubble-like pores, slit-like pores, and pyrite framboids; (f) showing some

of the measured pore diameters.

Figure 5.2 shows the SEM analyses of the Haynesville Shale sample. Intraparticle pores and

fractures are observed in Figure 5.2a, and diameters of intraparticle pores are about 40-70 nm.
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Figure 5.2b shows pore throats, bubble-like pores, and slit-like pores. The openings of pore throats
and slit-like pores are about 20-110 nm, and 20-70 nm, respectively (Figure 5.2c). The bubble-
like pores have an opening about 50-200 nm (Figure 5.2c). Figure 5.2d shows the fractures, pyrite
framboids, and intraparticle pores, whose openings are about 130-350 nm. Intraparticle and
interparticle pores, slit-like pores, and pore throats are observed in Figure 5.2e and 5.2g. The
openings of interparticle and intraparticle pores are about 100-130 nm and 40-80 nm, respectively
(Figure 5.2f). Moreover, slit-like pores, and pore throats have an opening of 20-70 nm, and 80-
180 nm, respectively. Pyrite framboids and fractures are observable in Figure 5.2h. Figure 5.2i
also shows slit-like pores, and intraparticle pores, and their opening are about 30-90 nm, and 50—
90 nm, respectively (Figure 5.2j). Figures 5.2k and 5.2l present more detailed information about

the existing pore throats and OM pores between pyrite framboids.

72



Shit-like pore§ = 2 -~ LY : i ~8nm)y

intraparticle , e ) i T
Bbleclike - = /—/ -
Ypores = 5 \ ;
2 E ; - 69 nmb..
N = Intraparticle ! e i 61 ”l"-\\’
- Pore throal— . B p?_“?S : 9 nr{\)\\‘\/ \\(

=
50 nm

"J Pore throat

15 0KV 8 3mm x8.00K = ; 5.00um 16 0KV 8 3mm x8.00K

Intraparticle
~~ pores

: Figure 5.2e

and 5:2f " T & % ‘
. . ; . or o8 o
hiterpartigle - B

o o : 1
' Pyrite - 7 . 116 nm
Framboids A I Ay €
\ <—Figure 5.2g l \ D IR 5 1

Intraparticle
ok g WA P o v :
3mm x1.10k 50.0um 15.0kV 8:8mim x6.00k /i 1

‘Intraparticle i

pores Slit-like pores

« rPﬁt’e throat AN
/ A

Fracture

A
. Intraparticle #) “~
Sporess L A Pyrite
Figure 5.2i é = -. Shf—hke{pores =g Erriboids
cwand 52— A o

Interparticle

pores e
Figure 5.2k

¥ g ] 5ol 2 F A
ol 5 3mm x1.10K ; . « 50.0um 150Ky 9.3mm x4.50k and 5.21 10, 0um,
= 7 o

&
nm/l//_\

Figure 5.2. SEM images for a Haynesville Shale sample; (a) wider region of the 2b and 2c
images, fractures, intraparticle pores; (b) intraparticle pores, pore throats, and slit-like pores; (c)
some of the measured pore diameters; (d) wider region of 5.2e,f and g, fractures, and
intraparticle pores; (e) intraparticle pores, slit-like pores, and pore throats; (f) some of the

measured pore diameters; (g) intraparticle pores, pore throats, interparticle pores, and slit-like
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pores; (h) wider region of 2h and 2i, and fractures (i) wider region of 2j and 2Kk, intraparticle
pores, slit-like pores, and pyrite framboids; (j) some of the measured pore diameters; (K) pyrite

framboids, OM pores, and pore throat; and (I)some of the measured pore diameters.

5.2.2 Results from AFM analyses

The surface morphology of the samples was identified by the AFM experiments, where the
color bar in the 2-D maps shows the height difference (Figures 5.3-5.7). Pyrite framboids (Figure
5.3b), and bubble-like pores (Figure 5.3d) are detected. Four topography profiles are presented for

Bossier Shale sample (Figure 5.4c-f) and Haynesville Shale sample (Figure 5.5¢-f). The pores were
identified using the watershed method for Bossier Shale (Figure 5.6a-d), and Haynesville Shale
(Figure 5.7a-d).

-0.05 pm
-0.20
-0.40

-0.60

-0.80

=-1.00

-1.20

-1.48
-446 nm
-500
-600

=700

-800

-900

-1000

Pyrite framboids

-1132

74



=0.10 ym
-0.20

Figure 5.3d -0.40

-0.60

Bubble-like pores

" A ‘ -1000
P &

Figure 5.3. AFM images for Bossier (4a-b) and Haynesville (4c-d) Shale samples, where (a)

and (c) are wider region of the 4b and 4c. Pyrite framboids are observed in 4b and bubble-like

pores are found in 4d.

In Figures 5a and 6a, the chromaticity in the two-dimensional surface topography maps shows
the height of the surface. The three-dimensional maps are shown in Figures 5b and 6b. A
comparison of the topography profiles of Bossier and Haynesville Shale samples shows that

surface height changes more in Bossier Shale than Haynesville Shale.
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Figure 5.4. AFM images and section analyses for a Bossier Shale sample: (a) 2-D and 3-D

images (5.4a, and 5.4b); (5.4c-f) section analyses of 2-D image along four different profiles
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Figure 5.5. AFM images and section analyses for Haynesville Shale sample: (a) 2-D and 3-D

images (5.5a, and 5.5b); (5.5c-f) section analyses of 2-D image along four different profiles
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Figure 5.6 shows the identified pores in Bossier Shale sample, and different types of pores are
identified including slit-like pores, pore throats, intra-particle pores. Figure 5.7 shows the
identified pores in Haynesville Shale sample, and different types of identified pores are slit-like

pores, intra-particle pores, pore throats, and bubble-like pores.
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Figure 5.6. Pores marked by the watershed method for Bossier Shale sample with slit-like pores and pore throats (5.6a, 5.6¢, and 5.6d)

as well as pyrite framboids (5.6b).

81



-0.10 ym -136 nm
-0.20 =200
Pore throat
-0.40 =300
Bubble-like pores -0.60 -400
-0.80 o
-600
-1.00
-1.30 =792
133 nm 925 nm
800
50 «—— Pore throat
Pore throat 700
0
-50 600
-100 500
-150 400
\ -200 300
Slit-like pores
-250 200
-300
-376 -14
[] Pores [ Pores

Figure 5.7. Pores marked by the watershed method for Haynesville Shale sample, with pore throats (5.7a, 5.7c, and 5.7d), slit-like

pores (5.7¢), bubble-like pores (5.7a), and pyrite framboids (5.7b).
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5.3 Discussion

Statistical analyses were conducted on the measured diameter (D) and projected area (A) of
the pores, and the best fitted distribution were found for each data. Figure 5.8 shows both the
histogram and probability density function (pdf) of the best fitted distribution to all the measured
pore diameters in the Bossier (Figure 5.8a-b) and Haynesville (Figure 5.8c-d) Shale samples. This
figure shows the statistical analyses for measurements with both SEM (Figure 5.8a and -c) and
AFM (Figure 5.8b and d). From the histograms, the pore diameters are rightly skewed. The best
fitted distribution is a Lognormal distribution (LN (u, o)), where u and o are the mean and
standard deviation of the natural logarithm of the measured pore diameters, respectively. For the
measured pore diameters with SEM images, the u and o for the Bossier Shale sample are 3.4050
and 0.5768, respectively. the corresponding values of u and o for the Haynesville Shale sample

are 4.0761 and 0.8198.
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Figure 5.8. Histogram and probability density function (pdf) for Bossier (a-b) and Haynesville
(cd) Shale samples: (a) and (c) are measured with SEM, while (b) and (d) are measured with

AFM.
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Figure 5.9. Normal probability plot for the measured pore diameters for Bossier (a-b) and
Haynesville (c-d) Shale samples: (a) and (c) are measured with SEM while (b) and (d) are

measured with AFM.

Comparing the histogram and the pdf of the fitted lognormal distribution shows that the
lognormal distribution is fitted to the measured pore diameter of the Haynesville Shale more than
the Bossier Shale (Figure 5.8a and c). Figure 5.9 shows the normal probability plot of the natural
logarithm of the measured pore diameters for the Bossier Shale (Figure 5.9a-b) and Haynesville
Shale (Figure 5.9¢c-d) samples. These normal probability plots confirm that the measured pore
diameters of the Haynesville Shale sample follows more a log-normal distribution than the Bossier

Shale sample.
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Figure 5.10. Histogram of the In(A [um?]), where A is the measured projected area for Bossier
(a-b) and Haynesville (c-d) Shale samples: (a) and (c) are measured with SEM, while (b) and

(d) are measured with AFM.

Figure 5.10 shows the histogram of natural logarithm of the measured projection areas
In(A [um?]) in Bossier (Figure 5.10a-b), and Haynesville Shale samples (Figure 5.10c-d). This
figure shows the statistical analysis for measurements with both SEM (Figure 5.10a and c) and
AFM (Figure 5.10b and d). From the histograms it is clear that in(4) from SEM measurements
(Figure 5.10a and c¢) has a near-normal distribution for both Bossier and Haynesville Shale
samples, so the projected area from SEM measurements has roughly a log-normal distribution. On
the other hand, the histogram of In(A4) from AFM measurements (Figure 5.10b and d) are still
rightly skewed. The u and o for the Bossier Shale sample are 5.5976 and 1.1091; as a comparison,

the u and o for the Haynesville shale sample are -5.1240 and 1.5024.
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Figure 5.11. Normal probability plot for the In(A [um?]) for Bossier (a, b) and Haynesville (c,
d) Shale samples. Note that 5.11.(a) and (c) are measured with the SEM while 5.11. (b) and (d)

are measured with AFM.

Figure 5.11 shows the normal probability plot of the natural logarithm of the measured
projection areas for the Bossier Shale (Figure 5.11a-b) and Haynesville Shale (Figure 5.11c-d)
samples. These normal probability plots of the SEM measurements (Figures 5.11a and c) confirm
that the best fitted distribution to measured projected areas with SEM is a log-normal distribution.
On the other hand, the normal probability plots of the AFM measurements (Figures 5.11b and d)

confirms that the in(A [um?]) for the AFM measurements are rightly skewed.

SEM observations of the Haynesville Shale samples show the presence of narrow slit-like pores
(Figures 5.2b, e, and i), which is consistent with the results from Wang et al. (2021) on the same
samples. Wang et al. (2021) conducted the physisorption isotherm classification on the
Haynesville Shale samples and inferred that narrow slit-like pores existed in the Haynesville Shale
samples. From both SEM and AFM measurements, most of the measured pores have a diameter
of roughly less than 50 nm (Figure 5.8), which is also consistent with the findings of Wang et al.

(2021).

91



Chapter 6: Conclusions

The first half of this dissertation discusses the current understanding of the major mechanical
properties of OM-rich shales with respect to their chemical properties such as TOC content,
maturity level, and mineralogy. The other important aspect of investigating the geomechanical
properties is the experimental conditions such as temperature, or if the experiments were
conducted under the in situ stress conditions. Nanoscale to microscale experiments on shale
samples need a much smaller sample sizes compared to conventional and macroscale experiments,
and this is a huge advantage. One main shortcoming of nanoindentation and AFM approaches is
that both methods measure the mechanical properties very close to the sample surface; however,
the constituents of OM-rich shales have small sizes in micrometer and nanometer.
Nanoindentation- and AFM-based methods result in a classification of mechanical phases (each
mechanical phase is the group of minerals/components that have the same mechanical property
such as Young’s modulus) in OM-rich shales: Group | for the softest components (Young’s
modulus of 0-25 GPa); 2) Group Il for clay minerals with average Young’s modulus of ~29 GPa;
Group 11 for isolated grains, which are mainly carbonate minerals, with average Young’s modulus
of ~58 GPa; and Group IV for stiff minerals (mainly feldspars, quartz, and pyrite) with a mean
value of Young’s modulus of higher than 90 GPa. It is found that the OM is the most compliant
compound in OM-rich shales. Furthermore, it is impossible to apply conventional experiments of
rock mechanics (Uniaxial Compressive Strength test, Triaxial Compressive Strength test, etc.) on
the OM which is embedded within shales. Overall, the Force-Distance curve, and LFM

experiments on OM results the following:
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1) The histogram shows two mechanical phases in the measured Young’s modulus.
Phase one has Young’s modulus of less than 5 GPa or slightly higher than 5 GPa, and

phase two has Young’s modulus of 10 GPa or higher.

2) Although some local stick-slip events observed in experiments (Figure 4.8), no

dominant stick-slip motion was observed.

3) There was a nonlinear relationship between the friction force and normal load, and
the Hertz-plus offset model is the best theoretical model to investigate load-dependency of

friction.

SEM observations of Haynesville Shale samples show an existence of narrow slit-like pores, which
is consistent with the results from AFM measurements. Moreover, these observations are in
agreement with the previously published work which classified the pore spaces of Haynesville
Shale samples using physisorption isotherm classification. Both SEM and AFM measurements
illustrate that most of the measured pores have a diameter of roughly less than 50 nm. The
statistical analyses of the measured pore diameters of Haynesville and Bossier Shale samples find
that the lognormal distribution is the best distribution, and data from Haynesville Shale sample is
fitted to lognormal distribution better than Bossier Shale sample. The results from projected area
measurements of Bossier Shale samples showed that lognormal distribution is roughly fitted to the

SEM measurements, but the results from AFM measurements are still highly skewed to the right.

Based on the current findings of this research the following recommendations are made for

improving the mechanical characterization and pore space characterization of OM rich shales:
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1) Apply molecular simulation to simulate the lateral force microscopy experiment of OM

and compare the findings of simulations with this research. This will provide more detailed

analysis of frictional properties of OM.

2) Investigate the possibility of having the fractal behavior for pore space size.
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