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Abstract Phyllosilicate minerals, due to their sheets structure and morphology, are known to cause
anisotropy in bulk rock properties and make the bulk rock more compliant. Accurately characterizing

the micromechanical behavior of phyllosilicate minerals from laboratory observations, which eventually
translates to the bulk rock behavior, is still challenging due to their fine-grained nature. Recent advances
in atomistic simulations open the possibility of theoretically investigating such mineral mechanical
behavior. We compare the elastic properties of biotites recovered by spherical nanoindentation with those
predicted from density functional theory (DFT) simulations to investigate to what extent theoretical
predictions reproduce actual phyllosilicate properties. Spherical nanoindentation was conducted using
schist rocks from Poorman Formation, South Dakota, USA, to recover continuous indentation stress-strain
curves. Loading in the layer-normal orientation shows an average indentation modulus (M) of about

35 GPa, while loading in the layer-parallel orientation gives a higher average of about 95 GPa. To facilitate
comparison, the elastic stiffness constants (c;) determined from DFT were converted to indentation
modulus (M) using solutions proposed in this study. The majority of the nanoindentation modulus results
are below the values inferred from the simulation results representing ideal defect-free minerals. We
suggest that crystal defects present at the nano-scale, potentially ripplocations, are the dominant cause

of the lower indentation modulus recovered from nanoindentation compared to those inferred from DFT
simulations. Results highlight the importance of acknowledging the defects that exist down to the nano-
scale as it modifies the mechanical properties of phyllosilicates compared to its pure defect-free form.

Plain Language Summary Sheet silicate minerals are known to cause different bulk

rock properties in different directions and soften rocks in general. However, accurately characterizing

the micromechanical cause of such behavior of sheet silicate minerals is still challenging due to their
fine-grained nature. Recent advances in atomistic simulations open up possibilities to investigate the
mechanical behavior of these minerals. We compared the elastic properties of biotite minerals obtained
by spherical nanoindentation with those predicted from atomistic simulations. Spherical nanoindentation
was performed using metamorphic rock from the Poorman Formation, South Dakota, USA. Loading

in the layer-normal orientation showed an average indentation modulus (M) of about 35 GPa, whereas
loading in the layer-parallel orientation gave a higher average of about 95 GPa. The majority of the
nanoindentation modulus results are below the values inferred from the simulation results representing
ideal defect-free minerals. We suggest that crystal defects present at the nano-scale are the dominant
cause of the lower indentation modulus recovered from nanoindentation compared to those inferred from
atomistic simulations. The results highlight the importance of recognizing existing defects down to the
nano-scale as it modifies the mechanical properties of sheet silicate compared to the pure defect-free form.

1. Introduction

As one of the most common minerals composing felsic to intermediate rocks, phyllosilicate minerals often-
times hold an important control on the mechanical behavior of rocks. Due to their sheet structure, mor-
phology, and the porous aggregate they form in sedimentary rocks, phyllosilicate minerals, including clays,
micas, chlorites, and serpentine groups, are known to cause anisotropy in the bulk rock properties and
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make rocks more compliant and weaker with increasing phyllosilicate content (e.g., Nishizawa & Kanaga-
wa, 2010; Sayers & den Boer, 2019; Sone & Zoback, 2013a). Phyllosilicates are also abundant in fault rocks
and are believed to impose critical limits on the strength of crustal faults zones. Recently, the ductility of
clay minerals in rocks is also receiving increasing attention because of its influence on productivity from
hydrocarbon source rocks (e.g., shale gas, tight oil) (Dembicki & Madren, 2014), its ability to seal fractures
(e.g., waste disposal) (Bock et al., 2010; Ingram & Urai, 1999), and ability to locally modify stress (Gunzburg-
er & Cornet, 2007; Sone & Zoback, 2014b). However, studies on mechanical properties of clay minerals, or
phyllosilicates minerals in general, are mostly limited to the bulk behavior of the clay-rich rocks because
of the challenges in making quantitative measurements on fine-grained rocks at the grain scale. For exam-
ple, with the exception of few studies on single crystal mica samples (Etheridge et al., 1973; Etheridge &
Hobbs, 1974; Kronenberg et al., 1990; Meike, 1989), the micromechanics of how clay minerals promote plas-
tic creep deformation of rocks is still described only phenomenologically (Haghighat et al., 2020; Sone &
Zoback, 2014a; Trzeciak et al., 2018), and it is not understood whether inter-granular sliding or intra-gran-
ular deformation accommodates creep of clay-rich rocks. The mechanical properties of the phyllosilicates
themselves, as well as the micromechanics of how the mechanical behavior of phyllosilicates translates to
the bulk rock behavior, is still a topic in need of further studies. Thus, reliable and quantitative techniques
to observe the mechanical behaviors of clay minerals at the microscale are needed.

Several methods have been used to study the mechanical properties of phyllosilicate minerals, such as
the acoustic method, Brillouin scattering method, multiple regression, atomistic simulation, and nanoin-
dentation. The earliest effort can be traced back to the work of Aleksandrov and Ryzhova (1961), who
derived pseudo-hexagonal or transversely isotropic (TI) stiffness constant of muscovite, biotite, and phlo-
gopite minerals from ultrasonic techniques. Vaughan and Guggenheim (1986) measured the 13 elastic stiff-
ness constants of muscovite by using Brillouin scattering. Militzer et al. (2011) derived a full elastic ten-
sor of illite-smectite, muscovite, and kaolinite minerals based on density functional theory (DFT). Vyzhva
et al. (2014) estimated the elastic properties of phyllosilicate minerals using multiple regression of a data
set compiled for various phyllosilicate minerals. A common aspect of these methods is that they recover
moduli of the minerals at small strain magnitudes generated by acoustic waves or small perturbations in
the model, which is orders less than the strain magnitude involved in static deformation of rocks relevant
to various engineering settings.

Recent advancements of nanoindentation techniques have allowed the investigation of elastic moduli of
single phyllosilicate grains at strain magnitudes relevant to static deformation. Zhang et al. (2009) used
nanoindentation to study muscovite and rectorite, followed by studies on various 2:1 phyllosilicates (Zhang
et al., 2010) and biotites (Lanin et al., 2019). These studies utilize the Berkovich indenter in which elastic
moduli are extracted from the unloading phase of the experiment. An occasional shortcoming of the Berk-
ovich indenter is that they introduce plastic deformation during the loading phase, before the unloading
phase, which results in crack development around the indentation when working with brittle materials.
Such cracking appears as the sudden increase in indentation depth without load increase in the loading
phase known as pop-ins (Lanin et al., 2019; Zhang et al., 2009). These cracks can alter the effective elastic
properties of the mineral volume investigated by the indenter, thus resulting in lower elastic moduli than
the pure undamaged mineral (see comments from Bobko et al., 2009).

Meanwhile, the use of a spherical indenter helps to overcome these problems of a Berkovich indenter.
Spherical indenters create less stress concentrations, thus less tendency for crack damage, and also allow
the application of Hertz's contact theory (Hertz, 1881). More studies are utilizing spherical indenters to
recover stress-strain data of the crack-free sample during the loading phase where deformation is purely
elastic, as demonstrated by recent studies (Basu et al., 2009; Pathak & Kalidindi, 2015).

Another class of approach is to theoretically investigate the behavior of materials through atomistic mod-
eling (e.g., molecular dynamic, DFT). These simulations allow one to study the mechanical behavior of
materials that are otherwise difficult to recover due to technical and sample limitations in the laboratory.
Modeling techniques are allowing us to directly study the dislocation processes, in some cases recovering
estimates of activation energies for deformation (Domain & Monnet, 2005; Yamakov et al., 2002). However,
careful discussion on the similarities and differences between modeled and actual materials is essential to
properly extrapolate findings from the atomistic scale to the problem of interest.
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In this study, we specifically focus on studying the behavior of biotite, as one example of a phyllosilicate,
from nanoindentation tests using spherical indenter and DFT simulations. Our objectives are to compare
the anisotropic elastic properties of biotite measured by nanoindentation and estimated by atomistic simu-
lations and also to understand the agreement and disagreement between the two approaches. Biotite min-
erals found in a low-porosity schist rock are used in the indentation study to ensure control over the orien-
tation of the minerals. We first describe the experimental materials, the nanoindentation tests conducted,
and the data analysis. We then describe the method and results of the atomistic simulations. Finally, we
discuss the indentation modulus parameter, comparison between experiment and simulation results, and
the possible cause of those differences.

2. Experimental Materials and Methods
2.1. Materials

The samples used in this study were schist rocks from the Poorman Formation collected from the Sanford
Underground Research Facility (SURF), South Dakota, collected under the KISMET project (Oldenburg
et al., 2016, 2017), same as those used by (Vigilante et al., 2017). The rocks used in this study are character-
ized as a biotite-quartz-carbonate phyllite to schist (Caddey et al., 1991) and also include chlorite and minor
amounts of muscovite and rutile. These schist rocks were chosen because of their low porosity (less than
1%) and the large biotite grains (~100 um) in the rock that allows us to probe single crystal properties. The
presence of the biotite minerals within a rigid matrix, as opposed to a compliant micro-porous matrix of a
lower-grade diagenesis rock, makes these schist rocks suitable for recovering the true mechanical properties
of the biotite grains. These schist rocks also exhibit a well-defined and consistent foliation fabric visible to
the eye, to which the biotite grains are aligned, which made it easier to control the orientation of the ex-
posed biotite faces to study its anisotropy.

Two sets of small rectangular samples were prepared, whose largest faces were oriented parallel to the foli-
ation (layer-normal loading) and perpendicular to the foliation (layer-parallel loading), and fixed in resin.
The samples were then ground using sandpaper with different grit sizes, sequentially from 180, 320, 600, to
1,200 grits. The ground surfaces were then polished using abrasives of 6, 1 (diamond suspension), 0.5 (col-
loid alumina), and 0.04 um (colloidal silica suspension) grain sizes, followed by inspections under the mi-
croscope after each polishing step to ensure no scratches were remaining from the previous polishing step.
The sample preparation is completed by identifying the area of interest under an optical microscope and
marking the area by giving a scratch mark. Then the exact positions of the mineral crystals of interest are
identified under the scanning electron microscope (SEM), as well as their relative position to the scratches
so that the nanoindenter could later correctly probe the mineral crystals of interest.

The minerals within the area of interest were identified using Backscattered-Electron (BSE) imaging, point-
shoot Energy-Dispersive X-ray Spectroscopy (EDS), EDS scanned images, and BSE-EDS stacked images.
Two representative BSE-EDS images of layer-normal and layer-parallel loading samples used in the na-
noindentation test are shown in Figure 1. As shown in Figure 1, the BSE-EDS image allows us to discrim-
inate the biotite, chlorite, and muscovite layers down to the micron-scale, which are otherwise difficult to
distinguish. Visual observation under a SEM shows that the biotite grains we studied appear to be nearly
free of visible impurities with only occasional insertion of chlorite layers that are less than 0.1 um thick
(Figure 1c). Open cleavage cracks parallel to the (001) plane visible under the SEM are also rare and the
spacing of such open cracks are at least two orders of magnitude larger than the length scale of the mineral
volume probed by the indenters (Figure 1c).

2.2. Nanoindentation Tests

Nanoindentation was carried out in areas of interest identified based on observations of the BSE-EDS
image. Using the Hysitron TI-950 TriboIndenter capable of providing continuous stiffness measurement
(CSM), the tests were performed at room temperature, in load-control mode, with maximum applied loads
of 2-2.5 mN. Two diamond spherical indenters were used in these tests, whose tip radiuses were either 1 or
5 um, with Young's modulus of 1.14 X 10*> GPa and Poisson's ratio 0.007. The two tip radiuses were used to
check whether one of the radii produces a better result in recovering elastic property compare to the other.
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Figure 1. (a) Backscattered-Electron (BSE)-Energy-Dispersive X-ray Spectroscopy (EDS) stacked image of the layer-
normal loading sample, (b) BSE-EDS stacked image of the layer-parallel-loading sample, and (c) a zoomed in secondary
electron image of the yellow box region shown in panel (b). Abbreviations denote mineral names (bio = biotite,

cal = calcite, chl = chlorite, dol = dolomite, mus = muscovite, qtz = quartz, rut = rutile). The circle markers represent
the location where nanoindentation was performed. Data set names before the hyphen reflect loading direction
orientation (N: layer-normal loading, P: layer-parallel loading) and indenter radius in microns. Data sets N1-2,

N1-3, and N1-4 are located further north of the captured image. The black squares show the data set that recovered
anomalously high and low modulus values in panel (a) and (b). In panel (a), some unlabeled indentations are visible
within the central biotite grain, but elastic properties were not recovered because the loading rate was too fast. In panel
(c), arrows show location of an open cleavage crack and thin chlorite layers within the biotite grain that appears as dark
streaks.
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3500 150 Zoom-n a In either case, results were screened, as explained later in Section 2.4,
so that only those recovering the proper elastic behavior are reported.
80001100 % Additionally, to understand the consistency and variability in the meas-
2500 urement results, indentation was performed in a grid pattern around the
area of interest. To avoid interference between measurements, the grid
2000 interval was chosen to be greater than the indentation effect, which is
/23; 1500 approximately 2.4 times the indenter radius (Kalidindi & Pathak, 2008).
§ 6 Until recently, majority of nanoindentation tests on rock-forming min-
1000 erals were carried out using Berkovich indenters (e.g., Broz et al., 2006;
Whitney et al., 2007; Zhang et al., 2009, 2010), with emphasis on extract-
500 . . .
ing modulus and hardness values from the unloading mechanical data.
0 However, since Berkovich indenters possess corners, nanoindentation
tests using this type of indenters oftentimes result in brittle deformation
500, s 100 150 200 250 300 almost instantaneously as soon as loading begins. Therefore, the informa-
Time (s) tion from the purely elastic mechanical response is not recovered, as well
300 ) as the transition to the plastic regime. These problems can be mitigated
using spherical indenters, where deformation at the purely elastic region
2501 and elastic-plastic transition can be observed by continuously measur-
300l ing the contact stiffness and constructing the indentation stress-strain
curves. Using Hertzian theory, contact stiffness measurements and the
E 150} construction of indentation stress-strain curves can be carried out ei-
'\é ther with the use of multiple loading-unloading measurements (Field &
£ 100r Swain, 1996; Pathak et al., 2009) or with the use of the CSM technique
(?:); sol (Basu et al., 2006; Herbert et al., 2001; Kalidindi & Pathak, 2008).
e CSM is a technique carried out by superimposing, on top of the con-
0 trolled load, a small oscillatory load with amplitudes about an order of
50 magnitude lower than the applied load (Li & Bhushan, 2002). This tech-
nique is capable of continuously measuring the contact stiffness during
-100 w w w w w a monotonic loading phase in a test without the need of carrying out
0 %0 100 Tﬁ% (s) 200 250 300 multiple loading-unloading stages. On the Hysitron TI 950 Triboindenter

Figure 2. Example of nanoindentation data. (a) load versus time and (b)
displacement versus time. Numbers represent the loading stages (1 = hold
phase, 2 = initial loading phase, 3 = hold phase, 4 = CSM loading phase,
5 = hold phase, and 6 = unloading phase).

machine, this CSM capability is referred to as the Continuous Measure-
ment of X mode (CMX, where X is a mechanical property such as mod-
ulus, hardness, or stiffness), in the nano-Dynamic Mechanical Analysis
(nano-DMA) module (Hysitron, 2014). Hereon, we will refer to the use
of this CMX modes as the CSM modes as we are only interested in the
mineral modulus in this study.

The experiments for this study were carried out with a linear load control (Linear CSM) consisting of 6 seg-
ments (Hysitron, 2014). As shown in Figure 2, segments 1-3 are the pre-loading phases, where the indenter
contact with the specimen surface is established as confirmed by the positive load transfer. The specimen is
loaded in segment 4 using the Linear CSM mode. After the load is held for 2 s in segment 5, the specimen
is unloaded in segment 6.

2.3. Experimental Data Analysis

The current data analysis methods for nanoindentation data are based on Hertz's theory (Hertz, 1881; John-
son, 1985). According to Hertz's theory, the contact between two frictionless isotropic surfaces can be ex-
pressed as,

4 112, 3/2
P = JER!"h,

a = Rh, M
where a is the radius of the contact boundary at any given load (P), A, is the total indentation depth, and &, is
the elastic indentation depth (for a schematic explanation of the parameters used in this paper, please refer
to Figure 3. The h, is the unrecoverable indentation depth, and 4, is the effective contact depth measured
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a from the highest circle of contact to the maximum indentation depth). E,
is the reduced modulus, which is the modulus obtained from nanoinden-

h\'\‘ Complete unload
r S~ o \-
hy ==

tation as a combination of sample and indenter moduli. R, is the relative
radius of indentation curvature, which is the radius obtained from na-
noindentation as a combination of sample and indenter radii. Reduced

he
\ modulus and relative radius are defined by,
Maximum load P P
1 1-v? 1-v 111
— = L+ , — =+ — 2
Er E.v Ei Rr Ri Rs
Initial Geometry b
R where E and v are the Young's modulus and Poisson's ratio, respectively,
N \ / and the subscripts s and i refer to the sample and indenter, respectively.
§ \)@5@% @“% Final Geometry In the commonly employed approach described in Oliver and Pharr

(1992, 2004), Hertz's model is applied to estimate Young's modulus of the
tested material from the load-displacement curve. In their method, the

Figure 3. (a) Schematic of the indentation zone of spherical indenters.

elastic modulus is obtained from the unloading phase (segment 6), which
is generally considered to be purely elastic. The reduced modulus is then
calculated from Equation 1 as

g xS _s , _3P 3

r = T A =7 e
(b) Typical load-displacement curve with the initial and final contact 2 \/Z 2a 28

geometry (modified from Kalidindi & Pathak, 2008). For the description of
each parameter, refer to Section 2.3. Experimental Data Analysis.

where S = dP/dh, is the elastic stiffness, obtained as the slope of the un-
loading curve at initial or near the peak load, and A = za?is the projected
contact area. However, for reasons described in Section 2.2, the elastic
modulus of the material in this study was determined from data in the loading phase (segment 4). Referring
to Pathak and Kalidindi (2015), the determination of elastic modulus with a spherical indenter involves a
two-step process, including zero-point determination and construction of indentation stress-strain (ISS)
curves.

2.3.1. Zero-Point Determination

Due to the very subtle change in load that occurs as the indenter initially contacts the sample (i.e., ze-
ro-point), together with other factors that falsely registers load before true contact (e.g., vibration, non-
flat surface), it is difficult to determine the zero-point from load-displacement records. However, the cor-
rect identification of the zero-point is crucial for accurate determination of the specimen elastic modulus
because it influences the estimation of the contact radius and the computed ISS significantly, which in
turn will strongly affect the resulting elastic modulus. Several methods have been proposed by various au-
thors to determine the zero point of the load-displacement curve from nanoindentation tests. Methods
recently proposed for indentation apparatuses using CSM are from Moseson et al. (2008) and Kalidindi and
Pathak (2008), whereas methods for apparatuses that do not use CSM are proposed by Pathak et al. (2009).

In the present study, using a nanoindentation machine with CSM capability, the zero-point determination
was carried out by applying the Hertzian theory to Equation 3 (Kalidindi & Pathak, 2008).

e 3PP

T on, z(h; - h;‘) @

where P, h;, and S are the measured load, displacement, and stiffness signal, respectively, from the CSM
mode. P* and h, are the load and displacement of the actual initial contact, respectively. By rearranging
Equation 4, one can establish a linear relationship between the quantities P’—(Z/S)Sh;, and S where the
slope and y-intercept of the linear relationship represent quantities —(2/3)h: and P”, respectively. Note that
this relation only holds when the material response is still linearly elastic. Thus, by plotting the quantity
P’7(2/3)Sh; against S recovered from the nanoindentation test, one can identify the initial portion of the
data where the data resembles linear elastic behavior as well as recover the values P* and h necessary for
zero-point determination (Figure 4).
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Figure 4. (a) Example of zero-point determination and (b) construction
of indentation stress-strain. The blue circles show test data before zero
correction and the cyan circle after correction. The red dots represent data
of the elastic region, and the black line describes the linear regression.

2.4. Experimental Results

2.3.2. Indentation Stress-Strain (ISS) Curves

The use of indentation stress-strain curves has been introduced since
the early development of the indentation technique by Tabor (1951). In-
dentation stress and strain is useful because it allows one to characterize
the average stress-strain response of the material in the indentation zone
although the stress and strain field is heterogeneous within the inden-
tation zone. The methodology to extract indentation stress-strain curves
from spherical indenter was first suggested by Field and Swain (1993).
Currently, even though the definition of indentation stress is commonly
accepted as,

Oind = a2 (5)
wa

as used in various studies, there are two definitions of contact radius
and strain proposed in the literature. The first definition is from Basu

et al. (2006),
a= VZth( - h(2 ’ Eind = %[i] (6)
T

R;
which is similar to the one proposed by Herbert et al. (2001), while the
other definition proposed by Kalidindi and Pathak (2008) reads

1/3
3PR 4 (h

a= - s Eind = -+ (7)
4E, 37\ a

where ojq and €;,4 are indentation stress and indentation strain, respec-

tively, and h, = h, —(3/4)(P/S) = b, —(1/2)h, is the effective contact
depth.

The difference between the two definitions of strain and contact radi-
us has been critically evaluated by Donohue et al. (2012). Even though
the evaluation shows a distinct difference in the indentation stress-strain
curves after the elastic-plastic transition, they show the same result when
compared within the elastic regime regardless of the definitions being
used. Therefore, for simplicity, the calculations of elastic property in this
study use the definition by Basu et al. (2006) that uses known and directly
measured parameters, namely the radius of the indenter, R, and penetra-
tion depth, #,, as shown in Figure 3.

As an initial stage in the experimental data analysis, data screening was carried out to ensure that each
data analyzed represent the elastic properties of biotite. Since the location of the indentation could not be
controlled perfectly, the indentation locations were rechecked under the SEM to see whether the indenta-
tion were correctly placed on a biotite crystal or not. Indentation points located in other minerals or on the
boundary between biotite and other minerals were excluded from the analysis. Additionally, further screen-
ing was conducted based on the plots of indentation stress and strain to check that the end of the elastic
region is clearly marked by the elastic-plastic transition (Figure 4). Data with no clear elastic-plastic transi-
tion were not used in determining the elastic properties of biotite. After screening, linear regression to the
indentation stress-strain data before the elastic-plastic transition allows us to recover the reduced modulus.

As aresult of the screening process and validation, 48 indentation points in the layer-normal orientation and
17 indentation points in layer-parallel orientation were used to determine the elastic properties of biotite,
and the resulting values are shown in Table 1. In this table, the resulting values were expressed as reduced

modulus (E,), following definition in Equation 2, and indentation modulus (M), where M = Es/(l -V, )

2
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:3;1;;@ of Experimental Reduced Modulus (E,) and Indentation Modulus (M)
Number of data E, (GPa) M (GPa)
Orientation Indenter radius (pm) ID Indentation Screened Mean Sdev Mean Sdev
Normal 1 N1-1 9 9 328 3.1 33.8 3.3
N1-2 3 3 31.5 5.3 32.4 5.6
N1-3 1 1 30.9 31.8
N1-4 9 9 323 2.3 33.3 2.5
N1-5 4 4 29.7 2.1 30.5 2.3
N1-6 4 4 33.0 4.8 34.0 5.1
N1-7 9 7 51.4 6.1 53.9 6.7
5 N5-1 9 3 33.6 12.8 34.7 13.6
N5-2 5 4 31.5 5.4 324 5.7
N5-3 4 4 30.8 7.1 31.7 7.4
Number of data E,(GPa) M (GPa)
Orientation Indenter Radius (um) 1D Indentation Screened Mean Sdev Mean Sdev
Parallel 1 P1-1 9 9 92.6 24.8 101.4 29.6
5 P5-1 5 4 62.4 15.1 66.2 17.1
P5-2 5 4 105.8 5.2 116.6 6.3

that will be discussed further in Section 4.1. In order to capture the variability of the resulting elastic modu-
lus data from different data groups, we plot each indentation data in terms of the (elastic) indentation stress
and strain value at the elastic-plastic transition such that the slope of the line connecting to the origin would
resemble the reduced modulus measured from each indentation (Figure 5).

For layer-normal loading, both 1 and 5 um indenters showed a fairly consistent E, value of about 32 + 5 GPa,
except for the N1-7 data set, which gave an average E, of 51 + 6 GPa. Observation of the BSE-EDS image
shows that there are no anomalous compositional variations seen under this N1-7 data set, marked with a
black box in Figure 1a. The N1-7 data set was obtained close to the mineral boundary that transitions into
a chlorite crystal and also surrounded by rutile and calcite minerals. Judging from how biotite and chlorite
minerals are interlayered in Figure 1b, it is possible to speculate that the biotite was thinning toward this
mineral boundary and potentially reflecting the stiffness of a stiffer underlying mineral continuing from
the surrounding phases. For instance, according to Vyzhva et al. (2014), chlorite has a higher layer-normal
Young's modulus compared to biotites. Whether the anomalously high reduced modulus in N1-7 reflects
the actual biotite property is unknown from available information.

Meanwhile, for the layer-parallel indentations, two data sets show a reduced modulus of about 96 + 21 GPa
while another data set (P5-1) gives an average of about 62 + 15 GPa. BSE-EDS image observations were
also carried out to look for possible explanations of anomalies in this data set, marked by the black box in
Figure 1b. The BSE-EDS image shows that P5-1 is one of the two arrays of five indentation points which
were placed within a thin biotite layer where fine inter-layering of biotite and chlorite occurs. A possible
speculation is that weak mineral boundaries or cleavages unresolved in the BSE-EDS image may have in-
fluenced the results toward a low elastic modulus, but the reason is unknown from available information.

We observe consistently that the elastic limit for the 5 um indenter data comes at a lower indentation
stress and strain values compared to the 1 wm indenter data. We interpret this to be the result of the larger
mineral volume that is, probed by the larger indenter. For a given indentation strain value, the volume
of investigation below the indenter will scale with the cube of the indenter tip diameter. Thus, there are
greater chances for the 5 um indenter to encounter pre-existing flaws in the mineral structure, as discussed
later in Section 4.3, which leads to an earlier onset of plastic deformation and pop-ins. However, as long as
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Figure 5. Indentation stress and indentation strain values at elastic-plastic
transition for (a) layer-normal loading and (b) layer-parallel loading.

Data from the tests using indenter with a radius of 5 um is represented

by a blue marker and 1 um by a red marker. The different marker shapes
depict different data set groups. The lines describe stress-strain relations
predicted by density functional theory (DFT) and ultrasonic velocity
measurements of Aleksandrov and Ryzhova (1961).

we properly identify the elastic limit in the mechanical data, the reduced
moduli values we recover at the elastic limit should not depend on the in-
denter tip radii assuming homogeneous mineral properties. Consistency
between results from different indenter tip radius confirms that we were
able to correctly identify the elastic-plastic transition in the data.

Apart from biotite, to check the validity of the method used, analyses
were also carried out on indentations that fell in quartz minerals. These
serve as a quality control for our analysis considering that quartz miner-
als have nearly isotropic mechanical properties and their physical char-
acteristics are widely known from previous studies. The 36 indentations
located in quartz minerals give an average E, value of 83.3 + 18.3 GPa.
Based on Equation 2, assuming that the Poisson's ratio of quartz is
0.07 (Mavko et al., 2009), this results in an average Young's modulus
of 89.6 £ 19.7 GPa. Considering that the Young's modulus of quartz is
known to be about 94.5 GPa (Mavko et al., 2009), our method correct-
ly recovers the known properties of quartz albeit with a large standard
deviation.

3. Atomistic Simulation Methods and Results

To offer a comparison with the nanoindentation measurements, the elas-
tic properties of two common biotite polytypes, 1M and 2M,, were cal-
culated from DFT simulations. The atomic models of the two polytypes
were constructed based on their crystal structures determined from X-ray
diffraction experiments (Brigatti et al., 2000). As shown in Figure 6, the
two polytypes have similar clay sheets separated by interlayer K*, but
with different stacking arrangements. In both polytypes, the clay sheets
consist of an octahedral layer sandwiched between two tetrahedral lay-
ers. Diffraction experiments (Brigatti et al., 2000) have observed partial
cation occupancies in both the octahedral and tetrahedral layers. Based
on the experimental site occupancies, an ideal chemical composition of
K (Mg,Al) (Si;Al) O,9 (OH), was adopted in this study. It should be noted,
however, that substitution of Mg by Fe, Ti, Mn, etc. can exist in real sam-
ples to various degrees.

3.1. Simulation Method

Although diffraction experiments suggested cation distributions in the
clay sheets are disordered, explicit cation configurations were needed for
computing elastic properties from DFT simulations. To this end, the cati-
on arrangements in the clay sheets were first optimized in classical simu-

lations. This was conducted using General Utility Lattice Program (GULP) (Gale, 1997) and ClayFF (Cygan
et al., 2004), a classical force field that has been widely used for clay mineral simulations. Structural optimi-
zations were performed for randomly generated cation arrangements in supercells of 1M and 2M; polytype
structures until no configuration with a lower energy can be found. Models with the most energetically fa-
vorable cation configurations, found in 2 X 2 X 1 and 2 X 1 X 1 supercells respectively for 1M and 2M,, were
used for elastic property calculations. It should be noted that, although classical simulations using ClayFF
offer accurate predictions for clay structures and energetics, they have been shown to overestimate the
moduli of mica family clays by ~25% (Teich-McGoldrick et al., 2012). As such, the elastic properties were
calculated from DFT simulations, using the atomic models of biotite with optimized cation arrangement.

The DFT simulations were conducted using the Vienna ab initio simulation (VASP) package with the projec-
tor-augmented wave pseudopotential of Blochl (Blochl, 1994; Kresse & Furthmiiller, 1996). The generalized
gradient approximation of Perdew-Burke-Ernzerhof was employed for the exchange-correlation functional
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Figure 6. (a) Biotite polytypes and (b) optimized cation configuration in a
2 X 2 x 1 1M biotite supercell.

Table 2

Summary of Elastic Properties From Simulation Results and Ultrasonic

N

Optimized cation configuration in a
2x2x1 1M biotite supercell

(]

Tetrahedral sheet
2 4+ 3+
e (3/4 Si**, 1/4 AP*) ~

St Octahedral sheet
(2/3 Mg, 1/3 AFY)

Interlayer K*

Measurements

Ultrasonic

Density functional theory (DFT) measurements®

Parameters  Biotite 1M Biotite 2M; Unknown polytype
Cu/Cyp 189/203 184/186 186
Css 60 56 54
Cp 56 30 324
Ci13/Cas 24/22 16/19 11.6
Cy/Css 18/17 10/8 5.8
Coes 71 100 76.8
Ein/Ex 167/182 204/233 178.6
Ess 55 59 52.8
V12/V21 0.25/0.27 0.08/0.09 0.16
V13/V23 0.32/0.25 0.18/0.21 0.18
V31/V32 0.10/0.08 0.05/0.05 0.05

“Aleksandrov and Ryzhova (1961).

(Perdew et al., 1996). Corrections for the van der Waals interactions were
made with the DFT-D3 method with Becke-Johnson damping (Grimme
et al., 2010, 2011). In all the calculations, the electronic wave function
was expanded using a plane wave basis up to an energy cutoff of 520 eV.
K-space meshes were set to ensure a X n; > 20 A, where a is the lattice
parameter and n; is the number of k points along 27/a in the reciprocal
space. This results in a mesh of 2 x 1 x 2 for the 221 supercell of 1M.
All lattice parameters and ionic positions were fully relaxed before me-
chanical property calculations. The convergence criterions for the energy
during self-consistent field calculations and the force during structural
relaxation were set as 10~° eV and 0.005 eV/A, respectively. The elastic
constants were calculated from the strain-stress relationship determined
by relaxing the atomic positions under finite lattice distortions.

3.2. Simulation Results

The elastic properties calculated from DFT simulations are listed in Ta-
ble 2 together with those determined from ultrasonic measurements by
Aleksandrov and Ryzhova (1961). Due to the explicit cation arrange-
ments used in the atomic model, the structures deviate slightly from
transverse isotropy. As such, small differences exist for both polytypes
between simulated C,; and C,, and related properties. Nonetheless, the
elastic properties from DFT simulations are in good agreement with ul-
trasonic measurements overall.

4. Discussion

4.1. Indentation Modulus (M) for Frictionless Spherical
Indenters

Using the two-steps process as described in the data analysis section, the
elastic modulus can be obtained in the form of a reduced modulus (E,).
However, because the Poisson's ratio of the samples (v,) is not measured
by indentation, the reduced modulus (E,) cannot be converted to Young's
modulus of the sample (E,) using Equation 2, but only reported as in-
dentation modulus (M). For an isotropic material, the general relation
between Young's modulus (E) and Poisson's ratio (v) with indentation
modulus (M) is described as

E

1-v

M= —— ®)
For anisotropic materials, however, the relationship between indenta-
tion modulus and Young's moduli is more complicated. Several methods
have been proposed to determine the indentation modulus (M) for an-
isotropic materials. The effort started by the work of Willis (1966) who
evaluated the problem for parabolic indenters using the contour integral.
The simplified solution using the surface Green's function (Barnett &
Lothe, 1975) was proposed by Vlassak and Nix (1993) for a flat circular
punch, by Vlassak and Nix (1994) for Berkovich indenters, by Swadener
and Pharr (2001) and later refined by Vlassak et al. (2003) for conical
and spherical indenters. The central concept in these methods involves
deriving the indentation load-displacement function by integrating the
material's Green's function over the contact area. However, it is generally
difficult to obtain the exact forms of Green's function and contact area.
Vlassak et al. (2003) provided a solution for indenters of arbitrary shape
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assuming the contact area is elliptical. For spherical indenter, the contact area is exactly elliptical, and
the solution can be obtained using a Fourier expansion of the material's Green's function. Delafargue and
Ulm (2004) further proposed a first-order approximation of the Green's function for indentations along
or perpendicular to the axis of symmetry on a TI solid. They derived solutions for conical indenters and
demonstrated that the approximation yielded accurate results. The method was then, due to similarity of
the sharp tip, used by the subsequent researcher (e.g., Ahmadov, 2011) to estimate the indentation modulus
(M) for Berkovich indenter.

In our present study, the indentation modulus (M) is calculated based on the works of Vlassak et al. (2003)
and Delafargue and Ulm (2004). For a frictionless spherical indenter, the indentation modulus can be cal-
culated based on Vlassak et al. (2003) by:

L ©)

where:

. H(9+ZJ
ale) = [ ——2 (10)
(6) 04[1—e200s29

It is worth noting that both a(e) and the eccentricity ¢ are related to the Green's function of the material,
which can be written as:

H(Q) =H,+ H cos(2€) (11)

where the two terms including H, and H_, respectively represent the isotropic and anisotropic portions of
the Green's function.

Since the indentations on the biotite samples were conducted either along or perpendicular to the axis
of symmetry, we applied the first order approximation to the Green's function derived by Delafargue and
Ulm (2004):

i Hy o, Hy - H,

= (12)

HO ) cl )

where H, and H; can be directly calculated from the elastic constants (c;):

_ Cia33 1 + 2 H, = Ci
> , —_—
27\ €\ Cy3 = Crizs | Ciaiz \/C||C33 +Ciss

H, (13)

From here, the eccentricity of the contact area ¢ and o (e) can be computed utilizing their relationship with
the anisotropic ratio H,.,/H,:

H, (6 / 66)(0{0(8)\/2 -é%)

= (14)
H, (6/66)(a2(e)\/2—82)
where:
z do z cos(29)d€
a, =] ., oy =]
* o 1-e’cos? 8 2o 1-e’cos? @ (15)

The eccentricity as a function of anisotropic ratio for spherical indenter is plotted in Figure 7. Once the ec-
centricity is determined based on biotite's elastic constants, the indentation modulus can then be calculated
using Equations 9-11.

Based on these formulations, the elastic constant (c;) from DFT and ultrasonic method (Table 2) can be
converted to indentation modulus (M) as presented in Table 3. Finally, the reduced modulus (E,) is also
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Figure 7. (a) Illustration of spherical indenter and (b) the relationship
between eccentricity (e) with anisotropy ratio.

calculated based on Equation 2 from the indentation modulus (M) using
the elastic properties of the diamond indenter tips.

4.2. Comparison of Experiments With Simulation Results

The elastic behaviors predicted by DFT and ultrasonic measurements are
compared with experimental result in Figure 5 by drawing linear stress-
strain relations whose slopes are determined by the reduced moduli
calculated in the previous section (Table 3). We observe that nearly all
experimental data plot on or below the DFT-simulated trends for both 1
and 5 um diameter indenters. Thus the DFT prediction marks an upper
bound to the elastic reduced moduli recovered from nanoindentation.
The DFT predictions are slightly different between the two polytypes, 1M
and 2M,, but the difference is small compared to the overall variation in
experimental results. This suggests that the variability in experimental
results are not explained by differences in polytypes.

Stress-strain relation predicted from the ultrasonic measurements by Al-
eksandrov and Ryzhova (1961) plot lower than those from the simula-
tion reduced moduli, an obvious consequence of the lower indentation
moduli recovered from the ultrasonic data. For the layer-normal loading
data set (Figure 5a), there appears to be a population of lower-moduli
data that clusters along the ultrasonic-based trend, but not below. This
may suggest that the ultrasonic-based modulus is the most compliant
member when compared with DFT and nanoindentation results. For the
layer-parallel loading data set, there are fewer data points to confirm, but
there is a population of nanoindentation results that plot below the ul-
trasonic-based trend therefore ultrasonic-based modulus does not appear
to be the most compliant compared to DFT and nanoindentation results.

4.3. Causes of Differences in Simulation and Experimental
Results

Asreported above, in general, the reduced modulus (E,) derived from na-
noindentations distribute between those predicted from DFT simulations
and the ultrasonic measurements by Aleksandrov and Ryzhova (1961), in
both normal and parallel orientation. We suggest that these differences
could be related to several causes, namely chemical impurities, cleavages,
crystal defects, and scale dependence.

4.3.1. Chemical Impurities

The DFN simulations were carried out using the ideal chemical composition of a biotite (K(Mg,Al) (Si;Al)
010(OH),), whereas biotite is known to be a continuous solid solution of Mg (magnesium) and Fe (iron),

Table 3
Indentation Modulus (M) of DFT and Ultrasonic Measurements

Indentation modulus (GPa) Reduced modulus® (GPa)

Method Polytype = Layer-normal Layer-parallel Layer-normal Layer-parallel

Density functional theory (DFT) 1M 56.3 128.4 53.7 115.5
2M; 51.2 123.4 49.0 111.5

Ultrasonic measurements® Unknown 33.5 97.2 32.5 89.6

“Reduced modulus calculated from indentation modulus using diamond indenter properties of Young's modulus
1.14 x 10° GPa and Poisson's ratio 0.007. "Aleksandrov and Ryzhova(1961).
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of which phlogopite is the Mg end-member and annite is the Fe end-member. The presence of Fe in the
chemical composition of natural biotites may be responsible for the differences between the simulated and
measured results. However, since Fe and Mg have the same number of cations (**) and bonding type, in-
cluding Fe in the chemical composition of biotite is not expected to significantly change its mechanical
properties. For comparison, Young modulus of biotite and phlogophite inferred from the ultrasonic veloci-
ties (Aleksandrov & Ryzhova, 1961) were 178.6 and 169.8 GPa, respectively, in the layer-parallel direction,
and 52.8 and 48.8 GPa, respectively, in the layer-normal direction. We also did not observe a significant Fe
peak compared to the Mg peak in the point-shoot EDS pattern recovered from biotite grains (1 cps/eV for
Fe and 20 cps/eV for Mg).

As seen in Figure 1c, thin chlorite insertions, typically less than 0.1 um in thickness, do exist within the bi-
otite grains. Although the exact effect of these impurities is difficult to evaluate, we expect it to be negligible
because (a) these chlorite layers are sparse within the biotite grains we studied, and (b) because chlorite has
a slightly higher modulus than biotite (Vyzhva et al., 2014) thus would raise the observed modulus rather
than lower observed the modulus. Therefore, chemical impurities are not expected to be the main cause of
the discrepancy between the predicted and observed indentation moduli.

4.3.2. Closing of Cleavage Cracks

Because cleavage cracks along the (001) basal plane are known to be prevalent in mica minerals, even in
single crystal specimens, it is possible that the compliance observed in the ultrasonic and nanoindentation
results are caused by the closing of the cleavage cracks. However, at the scale of observation under the
SEM, open cleavage cracks as the one shown in Figure 1c were rare enough to the point that we could not
estimate its spacing. While it is possible that cleavage cracks still exist at a smaller scale, we argue that it is
unlikely the cause of the low moduli found in the nanoindentation results because (a) closure of cleavage
cracks would result in mineral stiffening but the linearity between the indentation stress and strain sug-
gests no such stiffening, and (b) closing of cleavage cracks would not explain the low moduli also observed
during layer-parallel loading. For the ultrasonic velocity measurement by Aleksandrov and Ryzhova (1961),
Aleksandrov and Prodaivoda (1993) describes that the measurement was affected by cleavage planes based
on the relatively high porosity (2.14%) they observed in their muscovite crystal. This may explain why ultra-
sonic-based reduced modulus for the layer-normal direction places at the lower-end of the range of reduced
modulus exhibited by the nanoindentation results. We note that cleavage cracks do not affect layer-parallel
loading tests, so the low reduced modulus calculated from ultrasonic measurement compared to the DFT
predictions requires a separate explanation.

4.3.3. Crystal Defects — Ripplocation

For the reduced modulus recovered from nanoindentation experiments, a more probable cause for the low-
er modulus compared to DFT results is the presence of defects in the crystal structures of biotite. The crys-
tal structure used in the DFT simulations are of the ideal form of the polytypes 1M and 2M,, whereas the
biotite samples used in the laboratory measurements, both ultrasonic velocity and nanoindentation, come
from naturally occurring rocks. Naturally occurring minerals contain various defects known as vacancies
and dislocations. Traditionally, the dominant mode of crystal defects in biotites have been thought to be
dislocations parallel to the (001) basal plane, either along the biotite interlayer (Bell & Wilson, 1986; Kro-
nenberg et al., 1990) or the within the oxygen layer between the octahedral and tetrahedral sheets (Noe &
Veblen, 1999). But such dislocation do not accommodate out of plane movement of atoms, not plausible as
an explanation for layer-normal compliance.

Recently, a new type of crystal defect in layered minerals, ripplocation, has been introduced by Kushima
et al. (2015), which takes the form of atomic-scale ripple-like defects in the basal layer. Aslin et al. (2019)
reports the abundance of nano-scale ripplocations in biotites found in a mylonite rock, as well as in an
undeformed granite, observed under the TEM. Aslin et al. (2019) suggests that these ripplocations open
especially upon stress release due to geological uplift or sample preparation in the lab. Although we have
not confirmed the presence of such defect features in the biotites we studied, we suggest that the low na-
noindentation modulus is an evidence for the presence of ripplocations. The exact effect of such mineral
defects on the elastic moduli of minerals is not known. But it is plausible that ripplocations reduce the stiff-
ness of biotites in both layer-normal and layer-parallel direction because ripplocations can accommodate
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layer-normal expansion and layer-parallel shortening, similar to kink bands found in biotites (Aslin
et al., 2019). If ripplocations open due to stress release as suggested by Aslin et al. (2019), they will also
likely close, and cause apparent compliance of the mineral, when loaded by nanoindenters. Ripplocations
would also be a plausible explanation for the low reduced modulus in the layer-parallel direction estimated
from ultrasonic measurements in the absence of cleavages.

4.3.4. Scale Dependence

With the notion that the crystallographic defects are enhancing the compliance of biotite minerals, the re-
lationship between the simulation, nanoindentation, and ultrasonic modulus can be understood as a result
of scale-dependence. Wavelengths of ultrasonic waves at a megahertz frequency passing through minerals
are typically on the order of few millimeters to a centimeter, which indicates that the indentation modulus
estimated based on ultrasonic measurements by Aleksandrov and Ryzhova (1961) represent the effective
properties of biotites at such length scales. It is easy to perceive that a single crystal of few millimeters
size contains flaws, including cleavage cracks, and the apparent stiffness of the crystal is lowered by those
structural impurities. On the other hand, the mineral volume probed by the nanoindenter tips are at most
several factors larger than the diameter of the indenter tip, approximately several um for the 1 um indenter,
which was at least two orders of magnitude smaller than the spacing of the cleavage cracks in our samples.
However, because nanoindentation modulus is still consistently lower than the theoretical value of the de-
fect-free mineral, this suggests that crystal defects are still prevalent and abundant features of the mineral
influencing its mechanical properties at the sub-micron length scale.

The scale dependence seen in the plastic yield stress between the 1 and 5 um indenter results, despite the
similarity in indentation modulus, suggest that the interaction of mineral defects is enhanced under the
larger indenter. We suggest that the propagation and coalescence of mineral defects lead to plastic yield
of the mineral under the indenter, which likely occurs under smaller stress in the larger indenter because
more defects are stressed under the larger indenter. Thus, the degree of scale dependence of the plastic
yield stress may reflect the density of mineral defects present in the biotite grains, but further investigation
is needed to make such inferences.

4.4. Implications for Deformation Mechanisms in Phyllosilicates

Crystal defects such as vacancies and dislocations are known to be critical ingredients for crystal plastic
deformation of minerals at high temperatures (Karato, 2008; Poirier, 1985). Dislocation glide along the (001)
basal plane as a mechanism for creep in biotites have been studied extensively (Christoffersen & Kronen-
berg, 1993; Kronenberg et al., 1990), and Kronenberg et al. (1990) also determined the activation energies
for two types of creep constitutive laws (i.e., exponential and power-law). However, dislocation glide does
not accommodate any strain component parallel to the c-axis of the crystal structure, and what mechanisms
accommodate off-basal-plane plastic strain that is, necessary for kink band formation have remained am-
biguous (Etheridge et al., 1973). On the other hand, ripplocation as a ubiquitous deformation mechanism
for layered solids (Barsoum et al., 2019) may also occur in phyllosilicates as crystal defects which has the
potential of providing a mechanism for plastic deformation in the c-axis direction. Aslin et al. (2019) sug-
gests the possibility that ripplocations are initially disperse in undeformed phyllosilicates, but may migrate
and accumulate across layers to form kink band boundaries under differential stress, eventually kinking
the phyllosilicates grains in deformed rocks. If such migration of ripplocations do occur, it is possible that
ripplocations may be a mechanism to accommodate plastic deformation and creep deformation in phyllo-
silicates, similarly to vacancies and dislocations.

While plastic deformation of phyllosilicates by ripplocations have not been directly observed, whether such
mechanism can accommodate the creep deformation of clay-minerals is of particular interest in crustal
settings. It is known that clay-rich sedimentary rocks (e.g., shales) exhibit some time-dependent plastic
deformational behavior even at low temperatures (Chang & Zoback, 2009; Sone & Zoback, 2013b, 2014a;
Trzeciak et al., 2018). The importance of such creep behavior in characterizing the long-term behavior
of subsurface reservoirs (Alramahi & Sundberg, 2012) and understanding origins of in-situ stress states
in the crust is well-recognized (Gunzburger & Cornet, 2007; Sone & Zoback, 2014b; Warpinski, 1989),
but the exact physical mechanism causing the rock to creep is not clearly understood. Pore volume loss
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facilitated by grain sliding (i.e., compaction) is suggested to be an important mechanism for creep (Sone
& Zoback, 2013b, 2014a), but it is still undetermined if plastic deformation of the phyllosilicates minerals
itself also contributes to the bulk rock creep behavior.

Deformation potentially facilitated by ripplocations and its mechanical data, however, is still difficult to
recover from mechanical testing at the scale of a single phyllosilicate crystal at the micron-scale. If atom-
istic simulations therefore becomes an important technique in evaluating the potential for ripplocations
to accommodate crystal plastic deformation, it will be crucial to properly incorporate the appropriate type
and number of crystal defects in the models. To this end, results from this study provide a benchmark for
calibrating future atomistic models for phyllosilicate minerals.

5. Summary

We studied the elastic modulus of biotites using spherical nanoindentation and atomistic simulations. Our
study uniquely reports the measured elastic properties of biotite using nanoindentation in two directions
(layer-parallel and layer-normal loading). We also provide theoretical predictions of biotite elastic constants
using DFT not reported in the literature. We also propose a solution to estimate the indentation modulus (M)
for spherical indentation from stiffness constants in an anisotropic material. Indentation modulus recov-
ered from our nanoindentation results are generally equal to or higher than those recovered from dynamic
ultrasonic measurements (Aleksandrov & Ryzhova, 1961), but lower than those predicted from the ideal
defect-free DFT model. These differences highlight the presence of defects down to the nano-scale within
naturally occurring phyllosilicates minerals, which may be important for understanding plastic deforma-
tion mechanism of phyllosilicates. Our results provide measured evidence that nano-scale defects affect the
mechanical properties of phyllosilicate minerals.

Data Availability Statement

Nanoindentation data sets for this research are archived in MINDS@UW repository at the following link
https://doi.org/10.21231/BX1J-1W92. Ultrasonic data sets for this research are included in Aleksandrov and
Ryzhova (1961).
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