International Journal of Coal Geology 229 (2020) 103571

Contents lists available at ScienceDirect

International Journal of Coal Geology

journal homepage: www.elsevier.com/locate/coal

Mechanical characterization of shale matrix minerals using phase-positioned = M)

Check for

nanoindentation and nano-dynamic mechanical analysis At

Chao Yang®, Yongqiang Xiong™", Jianfeng Wang™”, Yun Li?, Wenmin Jiang®

& State Key Laboratory of Organic Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, Guangzhou 510640, PR China
® University of Chinese Academy of Sciences, Beijing 100049, PR China

ARTICLE INFO ABSTRACT

The accurate determination of mechanical parameters (namely, Young's modulus and hardness) of shale-con-
stitutive minerals is crucial for predicting the macroscale mechanical parameters of shale composites. This study
employed an advanced nanoindentation apparatus equipped with a high-resolution microscope (4000 x) and a
newly emerging nano-dynamic mechanical analysis (nano-DMA) module to conduct mineral-positioned in-
dentation and investigate the depth profiles of mechanical parameters of shale matrix minerals, with the ob-
jective of obtaining their intrinsic mechanical values. To conduct mineral-positioned nanoindentation, various
matrix minerals were pre-discerned under the optical microscope based on their particle shapes, surface features,
and reflection colors. The mechanical response curves show that silicates (quartz and feldspar) exhibit significant
elastic characteristics, whereas carbonates (dolomite and calcite) and clay minerals exhibit a combined de-
formation behavior of elasticity and plasticity based on the elastic recovery ratio and plastic work ratio. The
mechanical depth profiles produced by nano-DMA show that the mechanical parameters of all aforementioned
minerals decrease rapidly with respective to the increase in indentation depth, before reaching stable values.
This variation pattern for the mechanical parameters is a result of the indentation size effect (ISE), which comes
from the internal structure (or texture) adjustment of the indented material in small deformed volumes during
indenter invasion. Whereas the platform section represents the indenter overcoming the ISE layer and actually
probing the material as it is, the mechanical values measured at this stage can be recognized as the true values
for the indented materials. In addition, the tested mineral grains would be easily affected by the substrate phases
at a much larger indentation depth, and the mechanical parameters would correspondingly change in the me-
chanical depth profiles after the plateau stage. Overall, our findings identify reliable Young's moduli and
hardnesses for different matrix minerals: 30 GPa and 1.5 GPa for clay minerals, 105-110 GPa and 14-16 GPa for
quartz, 75-85 GPa and 9-10 GPa for feldspar, 70-75 GPa and 2-3 GPa for calcite, and 115-120 GPa and 7-8 GPa
for dolomite.
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1. Introduction

Shale gas development can be practically realized via horizontal
drilling and hydraulic fracturing techniques (Carter et al., 2011;
Blackwill and O'Sullivan, 2014). The successful use of these techniques
relies heavily on a understanding of shale mechanical properties (Nagel
et al., 2012; Alkharraa et al., 2015). Shale is a fine-grained sedimentary
rock consisting of a mixture of various minerals and a small quantities
of organic matter, among which the minerals constitute the pressure-
burden framework of the shale. Therefore, correct understanding of the
mechanical responses of shale-constitutive minerals to external forces
and accurate determination of their mechanical parameters are crucial
for understanding and predicting the macroscale mechanical properties
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of shale composites.

Conventional macroscale mechanical testing techniques such as
uniaxial/triaxial compression testing, cannot be used to measure the
elastic modulus of micrometer-scale minerals in a shale matrix. Thus, in
recent years, researchers have creatively introduced nano-indentation
technology into the characterization of the micromechanical properties
of shale composites and their constituents (e.g., Bobko and Ulm, 2008;
Kumar et al., 2012; Bennett et al., 2015; Abedi et al., 2016; Liu et al.,
2016, 2018, Liu and Mehdi, 2017; Yang et al., 2016; Li et al., 2019;
Manjunath and Jha, 2019; Shi et al., 2019). However, despite these
advances, the mechanical properties of minerals in a shale matrix have
not been fully studied or lack accurate characterization, rendering the
determination of macroscale mechanical parameters of shale and
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Fig. 1. Plot of variation of applied load with time (a) and schematic of the typical nanoindentation curve (b). hpay: the maximum indentation depth during
indentation. hy,: the residual indentation depth after the indenter retract from the sample surface. We: the elastic work. Wp: the plastic work. Wt: the total work.

prediction of seismic velocity challenging.

Nanoindentation technique uses a diamond indenter with known
shape and mechanical parameters to press into a sample surface using a
load in millinewtons (Oliver and Pharr, 1992; Schuh, 2006). In na-
noindentation testing, the indentation depth is the most important
technical parameter because indentation tests using various depths
probe different volumes, and thus, produce different mechanical re-
sponses (Fischer-Cripps, 2002). Previous shale nano-indentation prac-
tices used small indentation depths (hundreds of nanometers) to mea-
sure the mechanical parameters of shale constituents. The choice of
indentation depth in such studies is based on the principle that the
volume affected by an indenter was small enough not to mechanically
interact with other phases. Whereas this assumption is theoretically
reasonable, the assigned indentation depths are lacking in data support
showing the correlation of mechanical parameters with indentation
depth, from which we can identify the true mechanical values of the
indented minerals.

Additionally, in the past, phase-positioned mechanical testing in a
heterogeneous composite material was difficult to perform because the
optical microscope provided in the indentation apparatus had a low
resolution. Therefore, in previous studies, researchers generally used
the statistical nanoindentation method to determine the mechanical
parameters of shale constituents (Akono and Kabir, 2016; Liu et al.,
2018; Mashhadian et al., 2018; Zhang et al., 2018; Li et al., 2019). This
method consists of a primary task of obtaining significant quantities of
indentation data through grid indentation, followed by the extraction of
the mechanical parameters of each phase using a Gaussian distribution
model (Ulm et al., 2003; Constantinides et al., 2006; Zhu et al., 2007).
In theory, this model can distinguish the mechanical parameters of all
single phases in a heterogeneous composite. However, there are many
uncertainties with this model when applied to highly heterogeneous
shales containing more than five phases with different volume portions
and particle sizes. Thus, in most cases in previous studies, only phases
with high volume fraction in the shale were assigned their mechanical
values.

In view of omissions and defects in the mechanical characterization
of shale matrix minerals using the nanoindentation technique, it is
necessary to conduct mineral-positioned indentation and quantitatively
investigate the correlation between mechanical parameters and in-
dentation depth. In this study, an Anton Parr TTX NHT® indentation
apparatus, equipped with a high-resolution optical microscope (max-
imum 4000 X ), was used for the nanoindentation testing. Such a high-
resolution microscope can clearly distinguish the micrometer-scale
minerals in shale matrix, thus enabling phase-positioned indentation.
The apparatus is also equipped with a newly emerging nano-dynamic
mechanical analysis (nano-DMA) module, which can determine the

elastic modulus and hardness as a continuous function of indentation
depth in a single load cycle, thus helping in the determination of in-
trinsic mechanical parameters of shale-constitutive minerals.

It should be noted that some researchers in recent years have started
to use PeakForce Quantitative Nanomechanical mapping mode
(PeakForce QNM), a proprietary mode for use in atomic force micro-
scopy (AFM), to characterize the elastic moduli of shale constituents
(Eliyahu et al., 2015; Emmanuel et al., 2016; Yang et al., 2017a; Li
et al., 2018). This technique applies a constant peak force at the na-
nonewton scale, allowing the tip to sense a nano change in volume, and
thereby quantitatively map nanoscale mechanical parameters of or-
ganic matter (OM) (Pittenger et al., 2014). However, despite its high
mechanical resolution, there is a limited range of moduli (generally
within 100 GPa) owing to its inherent flaws, such as a low cantilever
spring constant (DNISP; Bruker; spring constant 300-650 N/m). Ad-
ditionally, the AFM QNM technique has significant errors compared
with nanoindentation testing when measuring materials with high
modulus. Trtik et al. (2012) reported a measurement error with an
estimated uncertainty of up to 15% for materials with elastic modulus
higher than 40 GPa. Additionally, the peak force used in AFM QNM is
extremely small that it cannot depict the mechanical responses of ma-
terials under external stresses. Moreover, the AFM QNM measures the
elastic moduli of materials without producing any hardness data. For
the application scope of AFM QNM, nanoindentation is therefore still
necessary for characterizing the mechanical responses of shale matrix
minerals.

2. Materials and experiments
2.1. Instrumented nanoindentation technique

2.1.1. Dynamic nanoindentation technique

In this section, prior to the introduction of the dynamic na-
noindentation technique, the previously used conventional quasi-static
nanoindentation technique is briefly discussed. The methodology and
operating principle for the nanoindentation technique have been re-
viewed and presented in detail elsewhere (Oliver and Pharr, 1992).
Indentation testing involves making contact between a sample and an
indenter tip of known geometry and mechanical properties. Typical
tests consist of a constantly increasing load, followed by a short hold
and then continue with a constant unloading procedure (Fig. 1a).

The load (P) and displacement (h) are monitored continuously
during the indentation process, resulting in a load—displacement curve,
as shown in Fig. 1b. The loading stage can be considered as a combi-
nation of elastic and plastic deformations whereas the unloading stage
can be considered as a recovery mode for pure elastic deformation.
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Correspondingly, the areas underneath the loading curve and unloading
curve are the total work W, done by loading and elastic work W, re-
leased by unloading, respectively. Therefore, the areas enclosed by the
loading-unloading curves is the (plastic) work done by the indentation
process, calculated as W, = W, — We.

Typically, mechanical property extraction is achieved through the
use of a resultant P-h unloading curve and through the application of a
continuum scale model to derive a reduced elastic modulus, E,:

o JE_S
R €
H= Pmax

A, 2)

where S = Z—: is the initial slope of the unloading branch of the P-h
curve and represents the stiffness of the material, a is a constant related
to the geometry of the indenter (o =1.034), and A. is the projected
contact area of the indenter on the sample surface. The projected
contact area, A, is typically determined as a function of the maximum
indentation depth, hy,x (Oliver and Pharr, 2004).

In dynamic indentation, on the other hand, the sinusoidal oscillating
component (Eq. (3)), is superimposed onto the quasi-static loading
applied to the sample, producing measurable displacement oscillations
(Eq. (4)). A typical example of the sinusoidal force and the corre-
sponding displacement is shown in Fig. 2. The contact stiffness can be
expressed in terms of oscillating component and other measurable or
known properties of the system by applying an appropriate rheological
model for the indenter-sample system (Eq. (5)). Because the contact
stiffness can be obtained at every point of the loading—unloading cycle,
the hardness and reduced modulus are therefore calculated as a con-
tinuous function of depth according to the Egs. (1)-(2).
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where hy is the displacement amplitude. Py is the excitation load am-
plitude. w is the angular frequency in radians/s. ¢ is the phase angle of
displacement lag load. ks and k¢ are the stiffness coefficients of the
sample and the indenter frame.

Furthermore, the reduced modulus acquired through indentation
inherently includes the elastic properties of both the test and indenter
materials (Oliver and Pharr, 1992). Based on knowledge of the reduced
modulus and Poisson's ratio, the Young's modulus of the indented ma-
terial can be calculated as follows:

1_a=-» a-v)
E,~ E E; (6)

where »; and E; are the Poisson's ratio and Young's modulus, respec-
tively, of the indenter. For diamond, E; _1140 GPa and »; = 0.07.
Meanwhile, v and E are the Poisson's ratio and Young's modulus, re-
spectively, of the indented materials. In this study, the Poisson's ratios
of common minerals in shale are assigned classic values based on pre-
vious literature; for example, the Poisson's ratios of quartz, feldspar,
calcite, dolomite, and clay mineral are 0.06, 0.26, 0.28, 0.29, and 0.3,
respectively (Bass, 1995; Mavko et al., 2009).

2.1.2. Instrument and experimental parameters

In this study, the TTX NHT® indentation apparatus, manufactured
by Anton Paar, was employed for the nanoindentation testing (Fig. 3).
This instrument consists mainly of three parts: an indentation system
equipped with a Berkovich indenter (three-sided pyramidal diamond
tip with a radius of curvature of 150 nm), an optical microscope with a
maximum magnification of 4000 X, and a sample transportation plat-
form with a 50 nm site selection resolution. The optical microscope,
together with an automated stage, allows location selection of the po-
sition to be indented. Following the determination of areas of interest,
the nanoindentation system employs an electro-mechanical actuator to
create an indent into the specimen and capacitive displacement sensors
to measure the depth of penetration. The maximum load of the in-
strument is 500 mN. The resolutions of the displacements and loads are
0.01 nm and 20 nN, respectively. In addition, to reduce the disturbance
due to ambient environment and noise, the instrument is equipped with
a damping table and an acoustic enclosure.

Frequency: 10Hz
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Fig. 2. Measurement made with the Anton Parr instruments sinus mode showing the load-depth plot together with a zoomed portion of the loading curve where the
force sinus (P) can be seen superimposed on the resultant displacement signal (d).
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Fig. 3. TTX-NHT3 indentation instrument illustrating the major components and the testing shale sample embedded into epoxy.

Before indentation was performed on a shale sample, the tip was
calibrated via experiments on a fused quartz standard using quasi-static
nanoindentation. The calculated Young's modulus for fused silica was
74 = 0.5 GPa, which is very nearly equal to the literature value of
75 * 2 GPa. The same fused silica specimen was also used as a cali-
bration standard to check the reproducibility and consistency of the
measurements. For all indentation tests, the indenter was set to ap-
proach and retract from the surface of the sample at a rate of 2000 nm/
min within a vertical distance of 2000 nm from the sample surface.

In this study, the nano-DMA was used during the loading period.
The loading was conducted with a frequency of 10 Hz and a load am-
plitude of 1/10 of the maximum load. When the maximum load was
reached, the load was held for a period of 2 s and then unloaded in 30 s.
The nano-DMA mode is also called the sinus mode in the Anton Paar
nanoindentation devices.

2.2. Shale materials and preparation

2.2.1. Shale material

A shale core sample, collected from the marine Lower Silurian
Longmaxi Formation in the Sichuan Basin, China, at a depth of 89 m,
was selected for the nanoindentation testing. The X-ray diffraction re-
sults indicate that the sample was composed of quartz and clay minerals
at 34.4% and 45.9%, respectively (Table 1). In addition, the sample
contains various other minerals: feldspar (13.6%), calcite (1.8%), do-
lomite (2.7%), and pyrite (1.5%). Organic geochemical analyses show
that the total organic carbon (TOC) content of the sample was 3.4 wt%
and that the calculated equivalent vitrinite reflectance was 2.9%, sug-
gesting an overmature stage.

2.2.2. Sample preparation

A plane/smooth sample surface perpendicular to the indenter is
necessary for the test, to obtain reliable measurements. In this study,
the selected shale sample cored perpendicular to the bedding plane
direction was cast into epoxy (Fig. 3) to simplify the process of surface
polishing by a surface preparation machine. Grinding and polishing
were performed using rotating disks mounted with emery paper of
various grit sizes gradually transitioning from 50 to 2000 grit size. The

Table 1
Shale sample information used for nanoindentation testing.

Depth (m) Organic parameters Mineralogical compositions

R, (%) TOC (wt%) Clay Quartz Feldspar Carbonate Pyrite

89 2.9 3.4 344 459 13.6 4.5 1.5

epoxy resin was then finely polished using 6 um diamond suspension
polishing fluid, followed by a 1.0 pm diamond suspension polishing
fluid, and finally a 50 nm colloidal silica suspension.

Fig. 4 a-b shows the surface morphology of the sample after me-
chanical polishing, wherein the surfaces of the hard phases are very flat,
and the soft phases cannot be focused concurrently. This indicates that
the hard phases (silicate, carbonate, and iron minerals) in shale matrix
can be polished easily, whereas soft phases (organic matter and clay
minerals) tend to get pulled out. Because of this phenomenon, elec-
trochemical polishing was employed to reduce the surface height dif-
ference between the soft and hard phases, allowing the surface of softer
phases to be polished. In particular, the sample was polished in an
IM4000 argon ion mill produced by Hitachi High-Tech Global Cor-
poration under a 4.0 kV intensity at a 5° angle for 2 h. Fig. 4c—d shows
the sample surface after ion polishing, wherein the phases in the matrix
are nearly in the same height plane.

3. Results and discussion
3.1. Identification of shale constituents under optical microscope

To conduct the phase-positioned nanoindentation, the matrix mi-
nerals must be pre-identified under the optical microscope. Shale con-
stitutive minerals can be divided into four categories: iron sulfides
(such as pyrite), carbonate minerals (calcite and dolomite), silicate
minerals (quartz and feldspar), and the clay minerals. Because different
minerals have different morphological and optical characteristics, a
combination of particle shapes and reflection characteristics observed
under the optical microscope can help distinguish the shale matrix
minerals.

In the Longmaxi shale, pyrite, which has a very high reflection in-
tensity and exhibits a bright white color in incident light under the
microscope, is the predominant iron-mineral type (Fig. 5a). It generally
occurs in the form of framboidal clusters, the length scale of which is on
the order of 1-8 pm. Notably, the monocrystalline within a cluster is
generally less than 400 nm, as revealed in previous studies using
scanning electronic microscopy (SEM) (Zhao et al., 2017; Yang et al.,
2020), which is beyond the resolution of the optical microscope. It is for
this reason that we did not conduct nanoindentation tests on pyrite.

Dolomite grains are of a weak whitish color in incident light under
the optical microscope (Fig. 5b), and generally exhibit an approximate
rhombohedral shape, the intrinsic crystalline form of carbonate mi-
nerals. They are usually very large, ranging in size from 20 to 50 pm.
Under the microscope, calcite grains, on the other hand, are relatively
darker than dolomites because the calcite crystal is translucent and
therefore absorbs some of the incident light (Fig. 5c). Additionally,
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plane. Note: (a) and (c) were shot with 20 X objective lens, (b) and (d) were shot with 50 x objective lens, and the magnification of eyepiece is 20 x .

calcite grains are relatively smaller than dolomites and generally do not
exhibit a rhombic crystalline shape. Notably, the mechanically polished
carbonate minerals (especially the calcite) usually exhibit regularly
spaced stripes on the surface (Fig. 5b-d), which is a significant mor-
phological feature different from those of other minerals.

Quartz crystals are translucent, thus displaying a dark gray color in
incident light (Fig. 5d). They have large grain sizes, mostly in the range
of 15-40 um, and exhibit various irregular shapes with straight and
sharp edges. Notably, mechanically polished quartz grains have the
smoothest and cleanest surfaces, which is a distinct morphological
feature that distinguishes them from other minerals (Fig. 5d). It should
also be noted that previous studies have revealed the existence of cer-
tain amounts of fine-grained quartz particles (less than 2 pm) in various
marine and lacustrine shales (e.g., Milliken et al., 2016; Dong et al.,
2019, Dong and Harris, 2020; Yang et al., 2020), which however cannot
be identified under an optical microscope because of a very faint color
contrast with the surrounding dark gray minerals.

Transparent feldspar crystals are also dark gray in incident white
light and, in most cases, manifest as large columns or plates, which is
the characteristic crystalline form of feldspar-group minerals (Fig. 5d).
Additionally, mechanically polished feldspar has a very smooth surface.
However, this surface is often mixed with impurities, which makes it
not as clean as the surface of quartz (Fig. 5e). It should be noted that
granular feldspar can be either orthoclase or plagioclase, but it is dif-
ficult to distinguish them under reflected light. For this reason, in this
study, the indentation testing of feldspar does not distinguish between
the orthoclase and plagioclase.

Clay minerals are easily identifiable under the optical microscope.
They settle in pit areas and cannot be recognized as entities under the
mechanically polished rock slice (Fig. 4a-b and Fig. 5a—e), whereas

they expose a fine-grained texture without distinct crystalline forms
after the subsequent ion polishing processes (Fig. 4c—d and Fig. 5f). The
fine-grained texture is essentially the result of dense stacking of in-
dividual plate-like clay particles with thicknesses of tens of nanometers
(Wilson et al., 2016a; Wilson et al., 2016b). Overall, clay minerals are
continuously distributed, acting as a framework material with other
mineral grains embedded in it. It is noteworthy that wherever clay
particles are observed, fine-grained organic materials are found to be
interspersed within them (Fig. 5f). The organic matter is off-white,
consistent with observations under oil-immersed whole-rock slices in
organic petrology studies (Hackley and Cardott, 2016).

Although there are still some shortcomings of this identification
method, such as the inability to distinguish the feldspar subclasses and
recognize the fine-grained quartz particles (less than 2 pm), it overall
meets the requirements for phase-positioned indentation of the shales.

3.2. Indentation responses of matrix minerals

Based on mineral identification, representative shale constitutive
minerals with characteristic length scales of approximately 20-40 pm
are selected for nanoindentation testing. Figs. 6-10 show the resultant
load-displacement curves at various indentation loads and the corre-
sponding indent imprints imaged by the optical microscope. The cor-
responding indentation data are listed in Table 2.

The indentations on quartz (curves in Fig. 6a-b, and optical images
in Fig. 7a-b) and feldspar grains (curve in Fig. 6¢—d, and optical images
in Fig. 7c—d) result in similar load-displacement curves. The curves each
have a low unloading slope and a small irrecoverable deformation.
Consequently, this results Ain a series of very narrow hysteresis loops
enclosed by the loading-unloading curves, indicating that the
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indentation process is dominated by elastic work. The h,/hp,, (elastic
recovery ratio) and W,/W, (plastic work ratio) are in the range of
0.2-0.4 and 0.2-0.5, respectively, quantitatively demonstrating the
above inference. Notably, the similar load-displacement curves be-
tween the quartz and feldspar with a similar tectosilicate framework
indicate that the mechanical responses of minerals are more likely de-
termined by their crystal structures. Additionally, the maximum in-
dentation depth of feldspar that resulted under the same load is larger
than that of quartz, which reveals that the quartz is stiffer than the
feldspar. Feldspar is formed by replacing a quarter of the Si** in the
quartz crystal structure unit with AI** and filling some metal ions
(Na™, K™) to maintain coordination balance. The length of AI—O bond
is different from that of Si—O bond, so the replacement of Si** by AI**

forms a less stable crystal structure, thus making the strength and
stiffness of feldspar being weaker than that of quartz.

In contrast to those of silicate minerals, responses associated with
indentation on calcite (curves in Fig. 8a-b, and optical images in
Fig. 9a-b) and dolomite (curves in Fig. 8c—d, and optical images in
Fig. 9c—d) provide distinctly different load—displacement curves, each
with a high unloading slope and a large irrecoverable deformation.
Correspondingly, large hysteresis loops are produced by the loading
and unloading curves, indicating that the indentation process includes a
certain amount of elastic work and a large amount of plastic work. The
hp/hmax and W,/W; are in the range of 0.5-0.7 and 0.6-0.8, respec-
tively. Notably, the similar load-displacement curves of calcite and
dolomite, which have similar crystal structures (Liebau et al., 1986),



C. Yang, et al.

International Journal of Coal Geology 229 (2020) 103571

80 60
(a) (b)
; —— 50 4 | ————
60 4|~ quartz I-75SmN —— quartz --}Um?\
| == quartz |-50mN 40 { | quanz 2-20mN
Z quartz 1-35mN quartz 2-10mN
E | = quanz 1-20mN ——quartz 2-5mN
g 40 {l——quartz I-5SmN 30 1 | —— quartz 2-2mN
3 5
20 4
20 4
10 4
0 — - - 0 4 T v
0 200 400 600 800 0 200 400 600
60 60
oy _ o] (d)
ok feldspar I-50mN i — feldspar 2-50mN
—— feldspar 1-35mN —— feldspar 2-35mN
= 40 1 feldspar F~2f?-:n\ 40 1 feldspar 2-20mN
g 30 4 r}’l;h_:pﬂr l-l".>m‘\ 30 4 feldspar 2-10mN
e —— fieldspar 2-SmN
]::20 4 20 4
10 - 10 _/ /
0 < T Y T T T 0 9 e T T
0 100 200 300 400 500 600 700 0 200 400 600 800
Displacement (nm) Displacement (nm)
Fig. 6. The group of resulted load-displacement curves of quartz (a-b) and feldspar (c-d) at various indentation loads.

Quartz-1

75mN

Quartz-2
. {1 5mN
[OmN-., —

N ™y 20mN
SO0mN '

mN”

“10mN

'f:_ ) 20mN

20um

Fig. 7. The corresponding indent imprints of quartz (a—b) and feldspar (c-d) resulted by various indentation loads.



C. Yang, et al.

International Journal of Coal Geology 229 (2020) 103571

ah 40
“ (a) (b)
| — calcite 1-50mN | 30 - ' calce 2-35mN
= i calcite 1-35mN e Gl CHLE 2-20mN
Z 01 caleite 1-20mN — calcite 2-10mN
E. w— calcite 1-10mN ; w——calcite 2-5mN
® 301 calcite 1-5mN 20 A
3
o3
20 4
1 A
10 4
0 v T r T { A T T T
Q0 200 400 600 800 1000 0 200 400 HOO 8OO 1000
45 60
(c) ol (@
36 47 — —E ’ [=——=dolomitc 2-10mN
|— -
| q::gnm;‘ :si::m:. = dolomite 2-20mN
J SR VI 40 4 | ——dolomife2-35mN
& 27 i_‘dol(llllllcl-l_“lllr\ dolomite 2-50mN
£ § dolomite 1-SmN 3 4 L———dolomitc 2-5mN
- | = dolomite 1-2mN
- L
E I8 5
- / 20 1 i ;
1 10 .
0 4 T v T T 0 T f T
Q0 100 200 300 400 500 600 700 i 200 400 Hon K800
Displacement (nm) Displacement (nim)

Fig. 8. The group of resulted load-displacement curves of calcite (a-b) and dolomite (c-d) at various indentation loads.

20mN 1OmN
35mN

>

20mN
'
10mN
Calcite-1 Calcite-2
50um

Dolomite-2

Dolomite-1

‘\l !
20mN 20mN

1OmN
SOmN 4 N :
7
il

- Om

Fig. 9. The corresponding indent imprints of calcite (a-b) and dolomite (c-d) resulted at various indentation loads.



C. Yang, et al.

6o

International Journal of Coal Geology 229 (2020) 103571

(a) =——clay-50mN-1
e Clay=50mN=-2
clav-10mN
10 4 clav-SmN-I|
clav-3mN-2

clav-2 mN
30 4 1
clav-0.5mN-1

Clay4) SmN-2

Applied load (mN)

20 4

S0

1000

Displacement (nm)

SOmN

1500

"

clay<10mN

(b)

~——clay-SmN-|

clav-5mN-2

LI clav-2 mN
clay-0 SmMN-1
o Clay-0 SmN-2
-
4 4

(=

0 - - o
0 100 20 300

T

4 SO0 60 0

Displucement (nim)

ImprmtsYesulted by O SmN 15 too
: 10 be ofsenved

2N
SmiN

SOmMmN -~

- | OmN

20pm
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microscope. (b) is the close-up view of the shaded panel in (a), showing the indentation response curves at various indentation loads less than 10 mN. (d) is the close-
up view of the panel in (c), showing the residual imprints resulted by indentation loads less than 10 mN.

prove that the mechanical responses of minerals depend on their crystal
structures. Comparatively, the maximum indentation depth of dolomite
under the same load is smaller than that of calcite, indicating a greater
stiffness for dolomite. Given the different constitutive cations in calcite
(Ca) and dolomite (Ca, Mg), the difference in their stiffnesses more
likely originated from differences in the species of cations, which have
various bond energies to anions (CO527), and may also alter the basic
crystalline structures of the minerals to some degree.

The indentation response associated with clay minerals (curves in
Fig. 10a, and optical image in Fig. 10b) is similar to that of the car-
bonate minerals. The curves show a very high unloading slope and
exhibits significant irrecoverable deformation. This results in a series of
large-belly hysteresis loops enclosed by the loading and unloading
curves, indicating that the indentation process is predominated by
plastic work. The calculated h,/hy.x and W,/W; are in the range of
0.6-0.7 and 0.7-0.8, respectively. The significant plastic work ratio of
the clay minerals during indentation is due to nanoindentation testing
actually sensing the clay composites, whose mechanical properties are
determined mainly by the mechanical interactions of contact between
individual plate-like clay particles (Bobko and Ulm, 2008; Kuila and
Prasad, 2013). When stress is applied, relative displacement occurs
between the individual clay particles, making them bend and slip
without producing internal stress. Therefore, when the external force is
removed, there is not enough internal force to cause the layers to return
to their original position, resulting in significant plastic deformation.
Additionally, clay minerals are determined to be the softest substance
among the shale matrix minerals because they have the largest in-
dentation depth under the same load.

3.3. Mechanical depth profile of matrix minerals

Fig. 11 presents the mechanical depth profiles of shale matrix mi-
nerals using nano-DMA. It shows that the mechanical parameters of
clay minerals exhibit a two-stage change, i.e., an initial sharp decline,
followed by a plateau, with respect to increase in indentation depth. For
the non-clay minerals, the variations in their mechanical parameters
exhibit one more stage after the plateau: a slow decrease.

The sharp decline in mechanical parameters in the first stage with
respect to increasing indentation depth is a typical manifestation of the
indentation size effect (ISE), a universal nanoindentation phenomenon
known in materials science. In the nanoindentation of crystalline and
polymeric materials, the origin of ISE is assumed to be related to the
geometrically necessary dislocations (GNDs) that exist in small de-
formed volumes under the penetration of an indenter (Nix and Gao,
1998; Elmustafa and Stone, 2003; Pharr et al., 2010; Liu et al., 2019),
the density of which is proportional to the inverse of the indentation
depth. Accordingly, the measured mechanical parameters will decrease
with the increase of indentation depth as a result of the decrease in
GNDs density. In this way, the GNDs density would be miniscule at a
certain large indentation depth, when the indenter really probes the
material as it is and thus measures its intrinsic mechanical values. In
this study, the threshold indentation depth was about 200-300 nm for
the matrix minerals. Because mechanical parameters are inherent
properties of the materials, the measured values are supposed to be
unchanged after the indenter exceeds the ISE layer, manifested as a
plateau in the mechanical depth profile. It should be noted that the clay
minerals in shale are outputted as composite materials formed by
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Table 2
Indentation data related to the testing shale matrix minerals.
FuiN) G m e GG GR WO (GRy (GR
Quartz-1
20 337.80 107.05  0.32 1882.94  1559.07  3442.01 0.45  109.38 15.78
5 146.29 2650  0.18 231.05 154.75 385.80 0.40  131.84 21.17
35 459.15 164.53  0.36  4410.05 224549  6655.54 034 106.84 15.84
50 576.34 187.51  0.33 794730 331553 11262.82  0.29 96.71 1432
75 721.30 259.84 036  14557.15 6025.95 20583.10  0.29 94.51 13.56
Quartz-2
85.10 12.43 0.15 58.62 11.45 70.07 0.16  143.87 24.58
5 153.08 29.43 0.19 233.29 58.55 291.84 020 12296 17.63
10 236.79  61.26 0.26 675.88 236.32 912.20 0.26  107.58 14.99
20 34295 109.72  0.32 1922.98 912.49 283548 032 106.21 1522
50 574.79 19847 035 7710.63  3073.90 10784.52  0.29 99.35  13.71
Feldspar-1
20 39493 12340 0.31 2096.84 173445  3831.29 0.45 78.84  9.22
5 162.40  26.06 0.16 287.51 130.17 417.69 0.31 99.14  17.75
35 520.84 14579  0.28 5281.90  2298.94  7580.84 0.30 80.48 11.17
50 661.99 23457 0.35 8719.72  4100.48 12820.20  0.32 7727  8.68
10 24228 4594  0.19 802.21 468.74 1270.95 0.37 92.63 11.57
Feldspar-2
10 26120  73.28 0.28 744.67 605.28 1349.95 0.45 85.25 1045
20 403.82 118.68 029  2191.62 1042.12  3233.75 0.32 83.16  9.02
35 551.95 152.83  0.28 522039  2868.81  8089.20 0.35 72.74  8.22
5 176.55 41.54  0.24 272.52 194.49 467.00 0.42 99.34 1252
50 690.00 209.72 030  9602.44 541744 15019.87  0.36 62.17 598
Dolomite-1
2 102.49  59.80  0.58 34.02 67.00 101.02 0.66 15550 10.45
5 183.80 107.66  0.59 144.85 287.24 432.09 0.66  123.00 8.86
10 280.70  102.66  0.37 396.02 919.43 1315.45 0.70  132.57 17.35
20 41451  233.08 0.56 1191.88  2620.80  3812.67 0.69 11432 7.26
40 649.37 33734 0.52 3649.10 845446  12103.57  0.70 99.10  6.09
Dolomite-2
20 41520 266.86  0.64 1136.12 266033  3796.45 0.70  113.13 7.32
35 585.11 383.60 0.66  2636.50 5381.89  8018.38 0.67  103.11  6.59
50 717.39  430.81  0.60  4903.53 921299 14116.52  0.65 97.59 647
5 183.15  90.46 0.49 146.71 284.59 431.30 0.66 12921 8.65
10 266.60 13896  0.52 389.37 854.13 1243.50 0.69  132.11 8.42
Calcite-1
5 27512 168.13  0.61 143.88 491.02 634.90 0.77 84.05  3.53
20 598.67 363.55 0.61 127437 353727  4811.63 0.74 73.07  3.26
35 840.05 550.04 0.65 276155 813453 10896.08  0.75 74.66  2.76
50 956.49 63579 0.66  4858.01 13676.13 18534.14  0.74 73.18  3.09
10 418.88  269.25  0.64 438.04 1453.00  1891.64 0.77 75.01  3.17
Calcite-2
5 292.63 175.64  0.60 154.50 493.91 648.41 0.76 74.14  3.15
20 628.24 419.73  0.67 1261.70  4095.02  5356.72 0.76 68.28 297
35 89533 62436 0.70  2746.90  9613.55 12360.45  0.78 67.01 239
10 43945 31323 0.71 377.48 1527.98  1905.46 0.80 77.59  2.83
Clay minerals
5 450.22 24732 0.55 290.59 640.83 931.42 0.69 29.13 141
50 1459.70  950.00  0.65 7430.76  22056.89 29487.65  0.75 3577  1.22
10 664.12  366.40  0.55 962.05 2166.29 312833 0.69 27.77  1.39
2 27738 161.50  0.58 75.71 149.41 225.12 0.66 30.55  1.43

0.5 119.10  66.60 0.56 9.26 18.58 27.84 0.67 32.61 1.81

10
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Note: Fy,: the indentation load. hyax and hp: the maximum and residual indentation depth, respectively; Wejase and Wi,s: the elastic work and plastic work, respective;
E; and Hg: the Young's modulus and hardness obtained by quasi-static nanoindentation.
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Fig. 11. The depth profiles of Young's modulus and hardness for different shale matrix minerals produced by nano-DMA, showing the indentation size effect (ISE) and
substrate effect (SE). The mechanical parameters of clay minerals exhibit a two-stage change, i.e., an initial sharp decline, followed by a plateau, with respect to
increase in indentation depth. For the non-clay minerals, the variations in their mechanical parameters exhibit one more stage after the plateau: a slow decrease.

mechanical interactions of individual plate-like clay particles, which
also results in the ISE. Resembling the established dislocation density
theory for the ISE of a single-phase material, the ISE of a composite
material is predicted to stem from the change in packing density re-
sulting from the penetration of the indenter to a different indentation
depth. Overall, the ISE of clay composites complete at a depth interval
of 120-300 nm, which is relatively smaller than those of non-clay mi-
nerals.

At greater indentation depth, the mechanical parameters of non-
clay minerals exhibit a slight decrease in varying degrees. Based on a
high heterogeneity of shale consisting of various phases that interact
with each other, it is likely that the indentation of non-clay minerals
was influenced by the underlying softer phases or pressure-bearing
framework at a large indentation depth. The optical images provide a
description of the shale microstructure as comprising non-clay minerals
embedded in clay matrix, the mechanical parameters of which remain
unchanged at this indentation depth interval. Accordingly, it can be
inferred that the softer clay minerals act as the substrate material of
these non-clay minerals. As a result, nanoindentation measures a
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composite value depending on the ratio of each component under the
probe, and the different decrease amplitudes (expressed as the curve
slope) of mechanical parameters among different non-clay minerals at
this stage reflect the different mechanical differences between different
non-clay minerals and clays. It should be noted that although clay
minerals overall act as the pressure-bearing skeleton material in shale,
they do not always act as infinitely continuous blocks and sometime
behave as locally stacked aggregates. In some cases, the indentation of
clay minerals appears to be affected by substrate stiffer phases at a
shallow indentation depth (> 450 nm), manifested as a sharp rise in the
Young's modulus depth profile after the plateau stage (Fig. 12).

This indentation phenomenon is also called the “substrate effect”
(SE) in materials science, and typically occurs in the indentation pro-
cess of soft film/hard substrate composite materials (e.g. Tian et al.,
2002; Ma et al., 2012; Chen, 2012; Chi and Chung, 2003; Guo et al.,
2004; Manjunath and Surendran, 2012, 2013). Theoretically, SE is in-
evitable in the nanoindentation testing of a heterogeneous composite
material; however, it can be neglected via obedience to some criteria
for selecting indentation depth. Previous studies have suggested that to
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characterize the thin film independent of its substrate, indentation
depth should be at most 1/10 of the thickness of the film (Perriot and
Barthel, 2004). In this study, we found an indentation depth of
~400 nm for different non-clay minerals avoiding the SE, which is 1/
100 to 1/50 of the characteristic length scales of tested mineral grains
(20-40 um) observed under the microscope. Such a low ratio indicates
that the nanoindentation of the single mineral grains is easily affected
by the substrate phases, and also reminds us that a small indentation
depth is always preferred even if the minerals to be indented are large-
sized. In addition to the possibility that the minerals have inherent high
sensitivities to SE, there are other possibilities that may lead to this low
ratio. The first is that the indenter penetrates exactly into the minor axis
of the mineral crystal, whose thickness in this direction is significantly
thinner than the transverse length scale observed under the microscope.
The other possibility is that the mechanical polishing process greatly
reduces the original thickness of the matrix minerals, thereby causing
the indentation process of the indented minerals to be influenced by the
substrate phases at a very low depth.

3.4. Measured Young's modulus and hardness

The plateau sections in the mechanical depth profiles reveal with
confidence the Young's moduli and hardnesses for calcite, dolomite,
quartz, and feldspar, at 70-75 GPa and 2-3 GPa, 115-120 GPa and
7-8 GPa, 105-110 GPa and 14-16 GPa, and 75-85 GPa and 9-10 GPa,
respectively. These measured Young's moduli nearly equal those of non-
clay minerals, as obtained using indentation on macroscale single
crystals (Goldsby et al., 2004; Broz et al., 2006; Whitney et al., 2007).
This similarity in values indicates that the methodology used in this
study for determining the intrinsic mechanical parameters of shale
matrix minerals by virtue of mechanical depth profiles in this study is
credible and can be used for other heterogenous composite materials.
Additionally, the selected mechanical values from the platform stage
are close to those obtained directly from the quasi-static nanoindenta-
tion at similar indentation depths (the shaded in Table 2), demon-
strating the consistency of dynamic indentation and quasi-static in-
dentation in obtaining mechanical values of indented materials.
Notably, these measured Young's moduli of non-clay minerals are ob-
viously higher than the reported moduli in previous studies using the
AFM QNM technique (Eliyahu et al., 2015; Emmanuel et al., 2016; Li
et al, 2018), demonstrating the advantages of nanoindentation
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technology in the characterization of the mechanical properties of shale
matrix minerals.

When the mechanical depth profile appears plateaued, the Young's
modulus and hardness of clay composites, are approximately 30 GPa
and 1.5 GPa, which are near the asymptotic mechanical values extra-
polated from porous clay composites in low-maturity shales when the
clay packing density is 1.0 (Bobko and Ulm, 2008). Clay packing den-
sity describes the microstructure of porous clay composites, and a value
of 1.0 describes an ideal state of close packing without pores. Therefore,
the high values of Young's modulus and hardness of the clay indicate
that the Longmaxi Formation shale is strongly compacted, thus leading
to densely packed clay composites, which have been evidenced in
previous studies using SEM (Yang et al., 2017b, 2020). It was also
noticed that the maximum Young's modulus and hardness values of clay
composites obtained in this study are still lower than those obtained by
Abedi et al. (2016) through the back-analysis of indentation data of
organic/clay mixtures. Given that clays in shale are generally em-
bedded with organic matter, the reason for the lower values may be
because this study tested mixtures of clay composites with organic
matter. The organic matter generally has lower mechanical values
compared to those of clay minerals (Zeszotarski et al., 2004; Kumar
et al., 2012; Bennett et al., 2015; Eliyahu et al., 2015), which therefore
reduced the Young's modulus and hardness of the clay composites.

4. Conclusions

In view of previous omissions and defects in the mechanical char-
acterization of shale constituents using the traditional quasi-static na-
noindentation technique, this study employed a highly distinguishing
optical microscope and a newly emerging dynamic nanoindentation
technique to perform the mineral-positioned nanoindentation in shale
and obtain the mechanical depth profiles of shale-constitutive minerals.
The following conclusions can be made:

(1) The resulted load-displacement curves show that the silicates
(quartz and feldspar) exhibit high elastic characteristics during
nanoindentation = with  small irrecoverable deformation.
Comparatively, the carbonates (calcite and dolomite) and clay mi-
nerals demonstrate great plastic characteristics with large irrecov-
erable deformation. These different mechanical responses among
non-clay minerals are a result of differences in their crystal
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structures. But for the clay minerals, the significant plastic de-
formation is actually caused by the mechanical bending and slip-
page of individual plate-like clay particles within the clay compo-
sites under external forces.
Controlled by the ISE, the mechanical parameters of clay minerals
exhibit a two-stage change, i.e., an initial sharp decline, followed by
a plateau, with respect to the increase in indentation depth. For the
non-clay minerals, the variations in their mechanical parameters
demonstrate a third stage after the plateau: a slow decrease, which
is the result of the interference of softer clay minerals as the matrix
pressure-bearing skeleton material. The ISE comes from the ad-
justment of the internal structure (or texture) of the material in
response to the pressing of the indenter, and thus cannot reflect the
real mechanical properties of the material. Whereas the platform
section represents the indenter overcoming the ISE layer and ac-
tually probing the material as it is, the mechanical values measured
at this stage are recognized as the true mechanical values for the
material.

(3) The depth profiles of mechanical parameters result in a confident
conclusion that the ISE nearly disappears at an indentation depth of
approximately 200-300 nm for all matrix minerals suitable for in-
dentation testing. In addition, the indentation depth at which SE
occurs is related to the thicknesses of the indented minerals, which
however cannot be determined under the microscope. Using the
characteristic length scales (d) of the minerals observed under the
microscope and comparing with the indentation depth at which SE
occurs, we determined that the indentation depth should be at most
d/50 to effectively avoid SE. Therefore, it is recommended that an
indentation depth range of 200 nm < h < d/50 be used for ob-
taining the intrinsic mechanical parameters of shale matrix mi-
nerals.

(4) Typical Young's moduli and hardnesses measured in this study in-
clude approximately 30 GPa and 1.5 GPa for clay minerals,
105-110 GPa and 14-16 GPa for quartz, 75-85 GPa and 9-10 GPa
for feldspar, 70-75 GPa and 2-3 GPa for calcite, and 115-120 GPa
and 7-8 GPa for dolomite.
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