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Abstract: The fracture toughness of shale is a basic parameter that can provide effective theoretical
support for wellbore stability and hydraulic fracturing of a shale reservoir. Due to the composition
and microstructure, there are many problems in evaluating the mechanical properties of shale in
a macroscopic test. In this paper, the composition and pore distribution of shale were studied
by X-ray diffraction and nuclear magnetic resonance. Scanning electron microscopy was used
to characterize the pore structure. The setting of experimental parameters and the selection of
the indenter were discussed. Micro-indentation technique was proposed and applied to fracture
toughness analysis of shale. The results show that Berkovich indenter is more suitable for shale
indentation test than Vickers indenter. Fracture toughness of shale indentation is obviously affected
by surface roughness and indentation position. Fracture toughness of shale decreases slightly with
the increase of the indentation load. The energy analysis result presents that the effect of cracking on
the ratio of total/unloading work is minimal when there is no significant stripping on the shale surface.
Compared with the experimental method, energy methods can obtain all the analysis parameters
from a single indentation test. The results of comparative analysis with macroscopic experiments
display that micro-indentation test can effectively predict the macroscopic fracture toughness of shale.

Keywords: shale; micro-indentation; mechanical property; fracture toughness

1. Introduction

As a basic technical parameter, the fracture toughness of shale can provide effective theoretical
support for wellbore stability and hydraulic fracturing of shale reservoir [1]. Though there is plenty of
research on rock fracture, they remain with the fields of the macro experiment and the corresponding
constitutive relation. The macro-mechanics experiment has some problems, such as large sample size,
time consuming and low interpretation accuracy [2]. The method of establishing fracture prediction
model by logging interpretation with downhole instruments is still limited by downhole construction [3].
It is of scientific significance and practical value to acquire shale fracture characteristics in time at the
early stage of development, which can effectively control wellbore instability and hydraulic fracturing
in the construction process.

With the development of material preparation, instrumented indentation technology has been
applied in many fields gradually [4,5]. This technology not only can test material’s elasticity, hardness,
fracture initial failure information, but also indirectly evaluate a variety of mechanical response
combined by dimensional analysis. The technique is divided into micro/nano-indentation test
according to the indentation displacement scale. The performance evaluation of brittle materials based
on instrumental indentation test has been explored for half a century. Based on the fracture mechanics
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theory and micromechanical experimental observation, some models have been constructed for the
analysis of microscopic fracture toughness [6,7]. Typical fracture toughness testing methods can be
classified according to the geometry shape of the indenter [8]. The indenter shapes used in the test
mainly include pyramidal and spherical shapes [9,10]. Pyramid indenter has a merit that detection of
crack length is relatively accurate and a demerit that the analysis of elastic-plastic deformation field is
complex. For a spherical indenter, the advantage is that the analysis of the elastic deformation field is
simple, but it also has the disadvantages of crack measurement accuracy. In terms of the theoretical
research, the method of measuring fracture toughness with a Vickers indenter under the condition of
full crack propagation is established based on the Lawn-Evans-Marshall model [11]. The uniform
expression of Vickers fracture toughness is established by indentation tests on shot diameter crack
and fully extended crack [12]. The fracture toughness of Berkovich indenter is obtained by stress
intensity factor model of star crack in thick-walled cylinder under internal pressure [13]. Another way
to evaluate fracture toughness first proposed by Cheng is scaling relationship of indentation work,
which is based on dimensional analysis and finite element simulation [14]. The scaling relationship of
indentation work is established by the using the hole expansion model. In this method, total energy
and unloading energy are used to replace the measurement parameters dependent on indentation test.
The scaling relationships of reduced modulus, hardness and energy were evaluated by experimental
verification and theoretical analysis. By analyzing the change of indentation fracture work, Liu et al.
investigated the relationship between fracture energy and fracture toughness [15]. The relationships
of total energy, fracture energy and irreversible energy were further discussed, and the solution of
fracture toughness was optimized. Instrumented indentation technology for fracture toughness has
been extensively studied and got some achievements on biomaterials, hard tissue and crystalline
silicon [16,17].

With the in-depth study of heterogeneous materials, instrumented indentation technology has
been gradually introduced into the study of shale mechanics in the early 21st century. The mechanical
properties of nano-scale porous clay particles were evaluated. Statistical methods of indentation
mechanics for nanocomposites (concrete, shale) were established [18,19]. Shale is a multi-component
rock that contains nano-scale porosity, clay particles, non-clay inclusions and perhaps even a small
amount of kerogen [2]. The mechanical properties of shale are related to its composition and micro-pores.
According to the multi-scale composition character, the mechanical scale of shale consists of nano-,
micro- and macro-scale. Nano-scale refers to a scale on the order of 1078 to 10~ m, and focuses on
clay minerals and inter-granular pores. Micro-scale refers to a scale on the order of 107 to 107* m.
and focuses on porous clay and inclusions [20]. Macro-scale is considered at the scale of 107> m and
above. Han Qiang et al. carried out the evaluation of shale elastic modulus, indentation hardness,
analyzed the influencing factors of the experiment, and provided guidance for the prediction of shale
macroscopic mechanical properties [21-23]. Shale has been mechanically studied at the nano-scale by
researchers in China and elsewhere, and although a number of valuable evaluations have been made,
these are still insufficient. At present, the study on shale fracture toughness analysis at micro-scale
test is less. The task of micromechanics is to find the properties of macro-scale materials based on the
information of microstructure. It is clear to see that micro-scale research is of great importance as a
bridge between the nano- and macro-scale. In this paper, applications of micro-indentation technology
to estimate fracture toughness of shale were performed and analyzed. Influence factors of micro
fracture of shale were estimated from the shape of indenter, effect of cracking and effective evaluation
method. The shale fracture toughness of micro-indentation was evaluated and the macro-fracture
toughness was predicted.

2. Samples Preparation

The test samples were taken from the outcrop of Longmaxi formation shale in Sichuan basin
in China. Based on the X-ray diffraction (XRD), the mineral compositions of samples were derived.
Nuclear magnetic resonance (NMR) was used to study the pore distribution of shale. The microstructure
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and composition of samples were observed by Scanning electron microscopy (SEM). The indentation
test sample size was 50 X 25 x 15 mm. According to the characteristics and test requirements,
shale surface was polished to reduce the effect of surface roughness on indentation test [21]. The first
step was a coarse grinding. Sandpaper with different sizes of grit from 400 to 1200 was used to grind
the sample surface. The second step is the fine polishing. Diamond polisher was used to polish the
shale sample to the desired smoothness. Figure 1 shows the shale surface morphology on untreated
and polished surfaces.

(a) Untreated surface (b) Polished surface

Figure 1. The images of shale surface treatment.

3. Micro-Indentation Tests

3.1. Equipment

Micro-indentation test for this study was performed on the test platform MFT-4000. The platform
integrates a variety of technologies such as acoustic emission detection, friction detection, micro-scale
displacement measurement and microcomputer automatic control. The apparatus is capable of
applying and measurement loads between 0 and 300 N with a resolution of 0.5 N. The loading rate
is 5-100 N/min. The maximum indentation depth is 200 um with a resolution of 0.5 pm. A series of
indentation calibrations has to be performed before the test begins. The load and indentation depth
transducer are calibrated by using friction signal processor, load magnification potentiometer and zero
potentiometer. Another calibration is performed when apparent load is inconsistent with the added
weight. The potentiometer is linearly adjusted until the weight is consistent with the amplifier’s data.
The abnormal section on the curve can be selected and amended in the optimization module.

Another vital component of the indentation test is indenter, which can be classified as pyramid
indenter (Vickers indenter and Berkovich indenter), conical indenter, spherical indenter and cylindrical
indenter. The spherical indenter is appropriate for measuring the continuous change of indentation
strain. The cylinder indenter is suitable for measuring large initial contact stiffness material. The Vickers
indenter, a four-sided pyramid, is a standard indenter used for micro-hardness testing. Sometimes,
the geometrical shape of the Vickers indenter cannot be self-similar under different scale because
of the error of machining accuracy. This phenomenon may introduce errors in following study,
affect measurement accuracy in instrumental indentation test. In order to address this problem,
Berkovich indenter, with the equivalent parameters of a Vickers indenter, is designed. For shale,
the Vickers and Berkovich indenters were utilized in this study.

3.2. Typical Procedures

The general procedure for an indentation test consists of several steps (Figure 2). First, the indenter
tip was in contact with the sample surface without prestress. Next, calibration was performed to
effectively reduce the systematic errors in the test data. Once indentation begins, the indenter tip
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was loaded on the sample surface at a constant loading rate. When the maximum load was obtained,
this load was held for 15 s to allow the sample to undergo time-dependent deformation. Finally,

the indenter tip was retracted from the sample surface at a constant rate. During the experimental
process, the load and depth data of the indenter were recorded by the sensor.
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(a) Indentation loading function (b) Typical indentation response

Figure 2. Typical indentation loading function and indentation change schematic diagram.

3.3. Parameter Setting

Since shale is a multiphase composite rock, a random indentation cannot sample the overall
mechanical response of shale. The Delesse principle shows that the surface fraction of a disordered
material is equivalent to the volume fractions [24]. Therefore, the overall mechanical response of
the shale can be shown by gridded indentation analysis. ISO 14577 states that the distance between
adjacent indentations is at least 10 times of the indentation diameter. Based on the standard and
actual test results of shale, the distance between two indentations was 2 mm, and the indentation was
9 mm from the sample boundary [23]. To determine the indentation load to shale at the micro-scale,

a large number of indentation experiments of shale were performed. When the maximum load is 60 N,
the sample surface is damaged and the cracks appeared.

3.4. Environmental Control

As an important external influence factor, the experimental environment has to be controlled in
the experiment. The material surface and instruments may expand or contract due to temperature
fluctuations in the indentation test. This phenomenon can influence the measuring accuracy of the
indentation depth. The test should be performed at the specified temperature and humidity range.
It was stipulated that the temperature of shale micro-indentation test was 25 + 1 °C, and the relative
humidity was lower than 50%.

Another external influence factor is ground vibration. The amplitude of ground vibration is
generally in the micro-scale. To reduce the impact of ground vibration on the indentation depth,
the module of shock absorber was placed on MFT-4000 tester. In addition, the test module of the

instrument was placed on the experimental platform with fixed function. These measures can effectively
reduce the vibration caused by the surrounding environment.

4. Determination of Fracture Toughness by Indentation Test

4.1. Experimental Analysis

The fracture toughness of micro-scale brittle materials can be evaluated by micro-indentation test.
According to the stress field of indenter acting on the material surface and the test of the geometry
size of the crack, the computation model is constructed to solve the fracture toughness. This method
only needs to ensure that the surface of the sample is smooth plane, and it has almost no limit on the
shape and size. The indenters commonly used for the fracture study of brittle materials are Vickers and

Berkovich indenters. The typical experimental method of fracture toughness is discussed in this part.
(1) Vickers indenter
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According to the elastic/plastic indentation damage model, indentation area is composed of
semi-spherical plastic zone and elastic zone around the periphery. It is assumed that the radial crack
on the sample surface generated by the indentation corresponds to half-penny crack that penetrates
inside the sample [11]. In this case, elastic stress field during loading stage is divided into the recovery
part and the unrecoverable part of the plastic deformation during unloading stage. The recovery part
inhibits the radial expansion of the half-penny crack surface. In contrast, the unrecoverable part may
promote the radial expansion of the crack [25]. Therefore, half-penny crack can be further extended
along the sample surface during the unloading. Elastic/plastic indentation damage model provides a
way to evaluate fracture toughness using Vickers indenter in a condition of sufficient crack propagation.
Under the condition of full crack growth, the elastic—plastic deformation interaction can be simplified
as a pair of concentrated forces perpendicular to the center of the half-penny crack surface. Based on
the analytical solution of embedded disk stress intensity factor [26], the stress intensity factor at the
front of half-penny crack can be expressed as:

1/2
Kiof ($) 55 = F0)(5)  (coty)2 22 0

where K; is the stress intensity factor; F, and F,, are a pair of concentrated forces; E is the elastic modulus;
H is hardness; Yis half angle of the indenter opposite edge; f(¢) is a correction factor of stress intensity
factor. When ¢= /2, crack propagation equilibrium condition along the radial direction is given by

Kic = Kilp=r/2 2)
Thus, the fracture toughness is given by [27]

E )1/2 F,

Kic = 6(E 52 3)

where 0 is the coefficient, determined by experimentation, related to the geometry of the indenter.

For some brittle materials, radial crack is dominant under the action of Vickers indenter. In this
case, it is inaccurate to obtain fracture toughness using Equation (3). Short radial crack often occurs in
the case of low indentation loading or superior toughness of the material. For a short radial crack,
the effect of the plastic zone on the peripheral zone cannot be reduced to point load. For this reason,
the study of fracture toughness is composed of short radial crack and fully expanded crack. Based on
the experimental analysis, the uniform expression of fracture toughness for short radial crack and fully
extended radial crack can be written as [28]

14[1 - 8(411] ;(;5 )4](112132 )(é %1)2/5 _ (2)0/18:1—1.51 “

(2) Berkovich indenter

The appearance of Berkovich indenter is to eliminate the influence of the transverse edge of
Vickers indenter on the test. The two indenters have the same surface area at same indentation depth.
The difference between the two indenters is the number of lateral edges. Based on the study of the
expansion loaded star crack, the difference between two indenters in determining fracture toughness has
been studied [29]. In the case of fully extended crack, the internal crack morphology of the material has
little effect on the fracture toughness. The fracture toughness of Berkovich indenter is expressed as [29]

a 1/2 E 2/3 F
1) (5 a7 ©)

Kic = 1.07 L(
Ic 0736 o
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where 6 is the coefficient related to Berkovich indenter. Figure 3 show the schematic diagram of radial
crack with Vickers and Berkovich indenter, where a is indentation radius, c is the length of radial crack,
lis the length between indentation and crack tip.

F 3
h 4

o
.

¥

S

(a) Vickers indenter (b) Berkovich indenter

Figure 3. Schematic diagram of radial crack with two indenters.

Regardless of the type of indenter, Equations (4) and (5) show that the elastic modulus and
hardness need to be determined by other way. The Oliver-Pharr principle, based on elastic theory, is a
typical analysis method to obtain elastic modulus and hardness [23]. This mechanical mechanism of
the Oliver-Pharr analysis is clear and the calculation is simple and feasible. The elastic modulus is
written as [27]

E=——r (6)
E~ E
where E is the elastic modulus of test sample, E, is the reduced modulus of indentation, E; is the elastic
modulus of indenter, v is poisson’s ratio of sample, and v; is poisson’s ratio of indenter.

Hardness is a functional index of resistance to external force. Hardness is related to the
elastic/plastic deformation and measurement method of material, defined as [27]

_ En

H
Ac

()
where H is the hardness; A, is indenter area function related to indentation displacement. It should be
noted that E and H are derived from the indentation test where the material surface is not broken.

4.2. Energy Analysis

(1) Total/unloading energy

For some materials such as composite metal or heterogeneous media, there are some defects in
the experimental analysis. Not all parameters such as E and H can be measured by a single indentation
fracture test. In order to solve this problem, the change of energy during indentation is studied.
According to the energy scaling relationship of indentation, the ratio of E/H in Equations (3) and (5)
can be replaced with the ratio of total/unloading energy [30]. Figure 4 shows the schematic illustration
of shale micro-indentation load-displacement curve.

The area integral of the underlined part in red is unloading energy, U,. The area integral of the
curve OABhy, is total energy, U;. In the case of uncracking, the approximate linear relationship is given

by [30] 0 ou
o Hu
E NG ®

where « is a dimensionless constant related to the shape of the indenter. Based on indentation
stress-strain flied analysis, the relationship between H/E; and U,/U; can be determined as [31,32]

H 2(1-v) U,
E~ 3 cotf U, 9)
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where fis equivalent semiconical angle. Inserting Equations (8) and (9) into Equation (3), fracture toughness
can be expressed as

-1/2 T
Uy ) —mn (10)
U; c3/2
where A is dimensionless constant determined by the indenter geometry. It is worth noting that the
application condition of total/unloading energy method is that the effect of cracking on the ratio of

U,/U; can be ignored.

Kic = /\(

57

0 hy hy hyy h

Figure 4. Schematic illustration of shale micro-indentation load-displacement curve.

(2) Fracture energy

In the conventional mechanical experiment, residual strain can be retained on the surface of the
material and the energy is released completely after unloading. The theory of fracture energy states
that the total stored energy is partially released during unloading and the rest of the energy is stored.
The stored energy below the residual micro-indentation cannot be released under loading condition.
This is due to residual indentation and its periphery is not affected by the force boundary. This part of
the stored elastic energy and the plastic dissipation energy should be treated differently because it can
be released under certain condition such as fracture. Therefore, total energy can be partitioned into
three typical components: elastic, plastic and fracture energy. Total energy and elastic energy can be
calculated from the indentation curve. Fracture energy is given by [33]

Ueraek = Uiy — up (11)

Uiy = Uy — Uy (12)

where U, is the energy consumption due to pure plasticity; U;, is irreversible energy. U, is an important
parameter to calculate fracture energy. Based on the analysis of plastic and total energy, the ratio of
Up/Uy; is written as [33]
h
(1+ n)(l - ﬁ)
£ _q_ (13)
h

Ut (1+m)(1+n-nzt)

m

where hf is the residual displacement of indenter; 4, is the maximum displacement of indenter; #; is
the maximum load phase displacement; n and m are the power indexes for the loading and unloading
indentation curves (Figure 3). The power function of a curve is elicited by fitting the load-displacement
curve. And then U, and U; are obtained by the definite integral computation of load-displacement
curve. The fracture energy per unit area is defined as the critical energy release state. Therefore,
the fracture toughness can be written as [34].
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9
Kic = | =5 Er (14)
C

5. Results and Analysis

5.1. Mineral Composition and Pore Structure

The mineral composition of shale was analyzed by X-ray diffraction experiment. Quantitative
analysis displays that quartz and clay are the two main mineral constituents in shale samples.
Additionally, the samples contain small amounts of calcite, dolomite, pyrite, potassium feldspar
and plagioclase (Table 1). The results show that samples 1 and 2 have similar clay minerals and
quartz. Sample 3 has the most clay minerals and quartz. The total content of clay minerals and
quartz is 46.3-86.4%. It can be seen that the shale in Longmaxi Formation is mainly composed of
medium-hardness minerals. The samples are prone to brittle failure due to the high content of medium
brittle minerals.

Table 1. Total mineral composition of shale in the Longmaxi Formation.

Mass Percentages of Shale/%

Sample No.

Clay Quartz Orthoclase Plagioclase Calcite = Dolomite Pyrite
1 33.6 17.8 2.1 3.7 329 9.3 0.6
2 321 14.2 1.6 21 254 2.3 22.3
3 48.3 38.1 0.8 6.4 2.8 2.4 1.2
4 52.3 30.2 2.5 3.7 42 6.0 1.1

Nuclear magnetic resonance (NMR) was used to study the pore distribution of shale. Figure 5
presents the scanning electron microscopy (SEM) images of four samples. The bedding and micro-crack
are well-developed. Clay and non-clay minerals can be observed directly. The surface structure of sample
is compact, and flake clay minerals and insoluble residues can be seen. Non-clay minerals are evident,
and authigenic carbonate minerals, pyrite, feldspar are developed on the surface. This microstructural
characteristic of shale may lead to the concentration of tectonic stress or the intensification of microcracks
after hydration, resulting in the fracture and spalling of the rock in the wellbore.

Figure 6. displays the pore size distribution of four samples. It is seen that sample 1 and 2
have, in order, similar pore distribution. The pore size of four samples is 0.05-120 nm. The left peak
in Figure 6 is distributed symmetrically and has a large peak, which indicates the development of
microporous to mesoporous samples.

5.2. Micro-Indentation Test

Figure 7 depicts typical micro-indentation of shale obtained by the Vickers indenter. The maximum
loads are 50 and 80 N. It is observed that the Vickers indenter resulted in small pits, small drop-cuts
and exfoliation on the surface of shale micro-indentation. The self-similarity between Vickers indenter
and shale micro-indentation is not satisfactory. One of the key difficulties in the indentation analysis
is the determination of the contact area. The contact area is irregular and there is no obvious radial
crack on the shale surface (Figure 7). In addition, the load—depth curve appears as irregular bump.
Thus, it is difficult to obtain the length of radial crack and indentation semi-diagonal. The main reason
for this phenomenon is the chisel edge structure of the Vickers indenter tip and the heterogeneous
composition of shale.
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(c) Saple 3 (d) Sample 4

Figure 5. SEM images of four samples.
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Figure 6. The pore size distribution of shale results from the NMR test.
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(a) 60N (b) 80N

Figure 7. Typical micro-indentation images of shale by using Vickers indenter.

In order to get an accurate assessment, we also performed indentation by using Berkovich indenter.
Maximum loads are 60 and 80 N. Figure 8 presents the typical micro-indentation of shale obtained by
Berkovich indenter. It is seen that the similarity between Berkovich indenter and indentation is better
than that of Vickers indenter. The surface crack appeared when the load reached the threshold of shale
fracture. It is observed that surface radial crack began to develop at 60 N. The crack development is
obvious when the maximum load is 80 N. According to the previous analysis (Section 4.1), the length
of radial crack is the important parameter. It is clear that Berkovich indenter is suitable for shale
fracture evaluation.

(a) 60 N (b) 8ON

Figure 8. Typical micro-indentation tomography of shale by using Berkovich indenter.

Shale is composed of granular minerals with a certain roughness on its surface. The surface
roughness is related to the indentation displacement and contact area. If the characteristic length
of the roughness is the same magnitude as the indentation displacement, the contact area obtained
at the sink-in point of the shale surface is lower than the true value and higher than the true value
at the pile-up point. Therefore, it is suggested that the displacement length of indentation test is
no less than 20 times the surface roughness. It can be ensured that the uncertainty of indentation
displacement caused by surface roughness is less than 5%. Figure 9 compares the results of surface
scanning profile before and after mechanical polishing. The scan profile displacement of unpolished
surface varies from —10 to 19 pm. Surface toughness has obvious influence on the elastic contact
displacement. The scan contour displacement of polished surface decreases obviously, and the contact
area function is less affected. Elastic modulus and hardness can be greatly affected by fluctuating
displacement. In the experimental analysis, elastic modulus and hardness are important parameters to
obtain fracture toughness. Figure 10 shows the distribution of elastic modulus and hardness before
and after surface polishing of shale by micro-indentation test. The measured elastic modulus and
hardness of the polished surface converge to those of the unpolished surface. It is necessary to polish
the sample surface before indentation test.
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Figure 9. Shale surface roughness.
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Figure 10. The relationship between surface properties and mechanical parameters.

It is found that the boundary effect is obvious when the micro-indentation position is too close to
the edge of the shale. Figure 11 displays the distribution between normalized mechanical parameters
(elastic modulus, hardness) and boundary, where Eqp, and Himm are the elastic modulus and hardness
at 1 mm from the edge of the shale surface. It is clear that the elastic modulus and hardness of
indentation are relatively stable at 4 mm away from the boundary. A suitable indentation position
facilitates the solution of fracture toughness.

20 20
15 15|
u
u
u
£ = " [ = ] -
Wiol =m n Tiof = -
05 05 }
0.0 1 1 1 1 ) 0.0 1 1 1 1 )
0 2 4 6 8 10 0 2 4 6 8 10
dimm d/mm
(a) Normailzed distribution of elastic modulus (b) Normailzed distribution of hardness

Figure 11. The effect of the indentation position on the indentation test.

5.3. Fracture Toughness

Length of radial crack and radius of micro-indentation are two important measurement parameters
for fracture toughness indentation test. Figure 12 displays the relationship between K;. and F,.
It is clear that K. decreased slightly with the increase of load. The crack lengths for shale samples
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are 1-3 mm for Berkovich indenter. These small cracks which are difficult to measure can cause
measurement deviation of fracture toughness. As previously discussed, compared with Vickers indenter,
the geometry of Berkovich indenter is more conducive to a sharp tip. Tip geometry has a critical effect
on fracture initiation.

-
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FyN

Figure 12. K¢ versus Fj,; generated with the Berkovich indenter.

The ratio of U,,/U;, which is easy to measure, is taken as the fundamental parameters in energy
analysis. This method can determine all the analytical parameters from a single indentation test and
simplify the test process. Since the analytical model utilizes the uncracked indentation energy scale
relationship, it is necessary to satisfy the condition that the effect of cracking on U,/U; can be ignored.
Therefore, the applicability of this condition to shale needs to be discussed. For shale, the critical load
for cracking is lower, and the shale is susceptible to cracking by using Berkovich indenter. Figure 13
displays the relationship between U, /U; and indentation load. Maximum indentation loads were 40,
50, 60, 70 and 90 N. It is clear that crack is fully expanded without surface peeling when the indentation
load is less than 70 N. The ratio of U,,/U; is generally stable with the increase of the indentation load.
When indentation load is more than 70 N, the ratio of U,,/U; decreases gradually with the increasing
load. The main reason is the indentation surface peeling off. Experimental results showed that if there
is no obvious material peeling, the effect of cracking on U,,/U; is not significant even if radial cracks are
fully extended. When there is obvious material peeling on the indentation surface, the ratio of U,,/U; is
affected significantly and cannot be ignored.

7

U/Uy

I L I L L 1 ! J

2
20 30 40 50 60 70 80 90 100

Fp/N

Figure 13. U, /U; versus F;,; generated with the Berkovich indenter.

Analysis of fracture energy provides a way to evaluate the relationship between fracture energy
and fracture toughness. Figure 14 compares the U;, with the ratio of hifhy,. It is concluded that when
h¢/hy is between 0.68 and 0.84, U;; differ by 0.1~0.4 N'm, and the U;, value shows an upward trend.
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Figure 14. U;; versus hy/hy, generated with the Berkovich indenter.

The results of straight-notched Brazilian disk (SNBD) show that the fracture toughness of shale
at macro-scale is about 0.82 MPa-m'? [35]. In this paper, the SNBD results are considered as agreed
truth values of shale fracture toughness. These agreed truth values are used to compare the reliability
of the analysis micro-indentation test. The indentation load in the test is taken as 70 N. Figure 15
shows the fracture toughness distribution by micro-indentation experiment, total/unloading energy
method, fracture energy method and SNBD. The Kjc of experiment method is 0.65-1.14 MPa-m'/?,
0.86 MPa-m'2 on average. The distribution deviation from 25-75% is less than 0.22. The K¢ of U,/U;
method is 0.66-1.22, 0.94 MPa-m'? on average. The distribution deviation from 25-75% is less than
0.32. The K¢ of Uye method is 0.72-1.1, 0.87 MPa-m*?2 on average. The distribution deviation from
25-75% is less than 0.31. It is found that the average Kjc of experiment method accord well with
the SNBD results. When experimental parameters are not easy to obtain, energy method can be as a
simplified approximate solution.
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Figure 15. Comparative analysis of shale fracture toughness.

6. Conclusions

In this paper, shale mineral composition and microstructure were analyzed from the outcrop
of Longmaxi Formation. Fracture experiments of shale micro-indentation were carried out by using
Vickers indenter and Berkovich indenter. The basic characteristics of mesoscopic fracture toughness of
shale were analyzed. The key results can be summarized as follows.

(1) XDR results show that shale of Longmaxi Formation is prone to brittle failure due to the high
content of medium brittle minerals. The content of clay minerals and quartz is 47.8-86.4%.
NMR analysis displayed that shale of Longmaxi Formation pores microstructure is extremely
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developed. The surface structure of sample is compact, and flake clay minerals and insoluble
residues can be seen.

Based on the shale micro-indentation test, Vickers and Berkovich indenters are evaluated.
The self-similarity between Vickers indenter and shale micro-indentation is not satisfactory. For the
Berkovich indenter, the crack development is obvious when the load reaches 80 N. The results
show that the Berkovich indenter can be used for micro-indentation testing of shale fracture
toughness. The relationship between Length of radial crack and radius of micro-indentation
is approximately linear. The fracture toughness of shale decreases slightly with the increase of
indentation load. The problem with this method is that multiple indentation experiments are
needed because the intermediate parameters cannot be measured in the same test.

Energy analysis methods are introduced to determine all parameters from a single micro-
indentation test. The results show that the effect of cracking on the ratio of U,/U; is minimal
when there is no significant stripping on the shale surface. U,/U; energy method can be used to
evaluate the fracture toughness by replacing the ratio of E/H. It is clear that the ratio of U,/U;
decreases gradually with the increase of the indentation load. The fracture energy method
provides a way to evaluate the relationship between fracture energy and fracture toughness.
Furthermore, the analysis and comparison of the results demonstrate that the average Kjc of
experiment method accord well with the SNBD results. When experimental parameters are not
easy to obtain, the energy method can be used as a simplified approximate solution. The present
work provides a novel idea regarding the macroscopic prediction of fracture behavior of shale.

Author Contributions: Q.H. conceived the experiments and wrote the paper; Z.Q. designed the analysis method;
PW. and G.B. analyzed the results of the experiments; G.Q. reviewed and edited the data. All the authors gave
their final approval for publication. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National natural science foundation of China (Grant nos. 51704233 and
51974255), and Shaanxi province natural science basic research program (Grant nos. 2019]JQ-466 and 2019]Q-488).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Weijermars, R.; Harmelen, A.V. Shale Reservoir Drainage Visualized for a Wolf camp Well (Midland Basin,
West Texas, USA). Energies 2018, 11, 1665. [CrossRef]

2. Cui, S; Ban, F; Yuan, G. Status quo and challenges of global shale gas drilling and completion. Nat. Gas Ind.
2011, 31, 72-75.

3. Zhuang, Z.; Liu, Z.; Wang, T.; Gao, Y.; Wang, Y.; Fu, H. The key mechanical problems on hydraulic fracture in
shale. Chin. . Solid Mech. 2016, 61, 72. [CrossRef]

4. Walley, S.M. Historical origins of indentation hardness testing. Mater. Sci. Technol. 2012, 28,1028-1044. [CrossRef]

5. Walley, S.M. Addendum and correction to: Historical origins of indentation hardness testing, by Walley, S.M.
Mater. Ence Technol. 2013, 29, 1148. [CrossRef]

6.  Warren, PD. Determining the fracture toughness of brittle materials by Hertzian indentation. . Eur.
Ceram. Soc. 1995, 15, 201-207. [CrossRef]

7. Oliver, W.C.; Pharr, G.M. Measurement of hardness and elastic modulus by instrumented indentation.
Adv. Mater. Process. 2007, 19, 3-20.

8. Evans, A.G.; Charles, E.A. Fracture Toughness Determinations by Indentation. J. Am. Ceram. Soc. 1976, 59,
371-372. [CrossRef]

9.  Harding, D.S.; Oliver, W.C.; Pharr, G.M. Cracking during nanoindentation and its Use in the Measurement of
Fracture Toughness//Baker S P. Thin films stresses and mechanical properties V. MRS Symp. Proceed. 1994,
356, 633-688.

10. Zeng, K; Breder, K.; Rowcliffe, D.J. The Hertzian stress field and formation of cone cracks—II. Determination
of fracture toughness. Acta Metall. Mater. 1992, 40, 2601-2605. [CrossRef]

11. Lawn, B.R.; Evans, A.G.; Marshall, D.B. Elastic/Plastic Indentation Damage in Ceramics: The Median/Radial

Crack System. J. Eur. Ceram. Soc. 1980, 63, 574-581. [CrossRef]


http://dx.doi.org/10.3390/en11071665
http://dx.doi.org/10.1360/N972015-00347
http://dx.doi.org/10.1179/1743284711Y.0000000127
http://dx.doi.org/10.1179/0267083613Z.000000000477
http://dx.doi.org/10.1016/0955-2219(95)93941-U
http://dx.doi.org/10.1111/j.1151-2916.1976.tb10991.x
http://dx.doi.org/10.1016/0956-7151(92)90329-D
http://dx.doi.org/10.1111/j.1151-2916.1980.tb10768.x

Materials 2020, 13, 4208 15 of 15

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Niihara, K.N.; Morena, R.; Hasselman, D.P.H. Evaluation of K Ic of brittle solids by the indentation method
with low crack-to-indent ratios. J. Mater. Sci. Lett. 1982, 1, 13-16. [CrossRef]

Dukino, R.D.; Swain, M.V. Comparative Measurement of Indentation Fracture Toughness with Berkovich
and Vickers Indenters. J. Eur. Ceram. Soc. 2010, 75, 3299-3304. [CrossRef]

Cheng, Y.T.; Cheng, C.M. Relationships between hardness, elastic modulus, and the work of indentation.
Appl. Phys. Lett. 1998, 73, 614-616. [CrossRef]

Liu, K.; Ostadhassan, M.; Bubach, B. Applications of nano-indentation methods to estimate nanoscale
mechanical properties of shale reservoir rocks. J. Nat. Gas Sci. Eng. 2016, 35, 1310-1319. [CrossRef]
Kruzic,].J.; Kim, D.K.; Koester, K.J.; Ritchie, R.O. Indentation techniques for evaluating the fracture toughness
of biomaterials and hard tissues. . Mech. Behav. Biomed. Mater. 2009, 2, 384-395. [CrossRef]

Sebastiani, M.; Johanns, K.E.; Herbert, E.G.; Pharr, G.M. Measurement of fracture toughness by nanoindentation
methods: Recentadvances and future challenges. Curr. Opin. Solid State Mater. Sci. 2015, 19, 324-333. [CrossRef]
Zhu, W.; Hughes, ].J.; Bicanic, N.; Pearce, C.J. Nanoindentation mapping of mechanical properties of cement
paste and natural rocks. Mater. Charact. 2007, 58, 1189-1198. [CrossRef]

Bobko, C.; Ulm, EJ. The nano-mechanical morphology of shale. Mech. Mater. 2008, 40, 318-337. [CrossRef]
Ulm, FJ; Vandamme, M.; Bobko, C.; Ortega, J.A. Statistical indentation techniques for hydrated
nanocomposites: Concrete, bone, and shale. J. Am. Ceram. Soc. 2007, 90, 2677-2692. [CrossRef]

Han, Q.; Chen, P; Ma, T.S. Influencing factor analysis of shale micro-indentation measurement. J. Nat. Gas
Sci. Eng. 2015, 27, 641-650. [CrossRef]

Han, Q.; Qu, Z; Ye, Z.Y. Research status of shale multi-scale mechanical properties. Chin. J. Appl. Mech. 2018,
35, 564-570.

Chen, P; Han, Q.; Ma, T.S.; Lin, D. The mechanical properties of shale based on micro-indentation test.
Pet. Explor. Dev. Online 2015, 42, 662-670. [CrossRef]

Anderson, B.D. Simple Technique to Determine the Size Distribution of Crater Fallback and Ejecta; Final Report;
NGG Tech. Report No 18; Lawrence Radiation Laboratory: Livermore, CA, USA, 1970.

Anstis, G.R.; Chantikul, P; Lawn, B.R.; Marshall, D.B. A Critical Evaluation of Indentation Techniques
for Measuring Fracture Toughness: I, Direct Crack Measurements. |. Am. Ceram. Soc. 2010, 64, 533-538.
[CrossRef]

Anderson, T.L. Fracture Mechanics—Fundamentals and Applications; CRC Press: Boca Raton, FL, USA, 2015.
Zhang, T. Micro/Nano Mechanical Testing Technology; Science Press: Beijing, China, 2013.

Liang, K.M.; Orange, G.; Fantozzi, G. Evaluation by indentation of fracture toughness of ceramic materials.
J. Mater. Sci. 1990, 25, 207-214. [CrossRef]

Ouchterlony, E. Stress intensity factors for the expansion loaded star crack. Eng. Fract. Mech. 1976, 8, 447-448.
[CrossRef]

Cheng, Y.T.; Li, Z.; Cheng, C.M. Scaling relationships for indentation measurements. Philos. Mag. A 2002, 82,
1821-1829. [CrossRef]

Yang, R.; Zhang, T.; Jiang, P; Bai, Y. Experimental verification and theoretical analysis of the relationships
between hardness, elastic modulus, and the work of indentation. Appl. Phys. Lett. 2008, 92, 1564. [CrossRef]
Yang, R.; Zhang, T.; Feng, Y. Theoretical analysis of the relationships between hardness, elastic modulus, and
the work of indentation for work-hardening materials. . Mater. Res. 2010, 25, 2072-2077. [CrossRef]

Liu, K.; Ostadhassan, M. Microstructural and geomechanical analysis of Bakken shale at nanoscale. J. Petrol.
Sci. Eng. 2017, 153, 133-144. [CrossRef]

Zeng, Q.; Feng, Y,; Xu, S. A discussion of “Application of nano-indentation methods to estimate nanoscale
mechanical properties of shale reservoir rocks” by K Liu, M Ostadhassan and B Bubach. J. Nat. Gas Sci. Eng.
2017, 42, 187-189. [CrossRef]

Chen, J.G.; Deng, J.G.; Yuan, J.L.; Yan, W.; Yu, B.H.; Tan, Q. Determination of fracture toughness of modes I
and ii of shale formation. Yanshilixue Yu Gongcheng Xuebao/Chin. ]. Rock Mech. Eng. 2015, 34, 1101-1105.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/BF00724706
http://dx.doi.org/10.1111/j.1151-2916.1992.tb04425.x
http://dx.doi.org/10.1063/1.121873
http://dx.doi.org/10.1016/j.jngse.2016.09.068
http://dx.doi.org/10.1016/j.jmbbm.2008.10.008
http://dx.doi.org/10.1016/j.cossms.2015.04.003
http://dx.doi.org/10.1016/j.matchar.2007.05.018
http://dx.doi.org/10.1016/j.mechmat.2007.09.006
http://dx.doi.org/10.1111/j.1551-2916.2007.02012.x
http://dx.doi.org/10.1016/j.jngse.2015.09.010
http://dx.doi.org/10.1016/S1876-3804(15)30069-0
http://dx.doi.org/10.1111/j.1151-2916.1981.tb10320.x
http://dx.doi.org/10.1007/BF00544209
http://dx.doi.org/10.1016/0013-7944(76)90026-6
http://dx.doi.org/10.1080/01418610208235693
http://dx.doi.org/10.1063/1.2944138
http://dx.doi.org/10.1557/jmr.2010.0267
http://dx.doi.org/10.1016/j.petrol.2017.03.039
http://dx.doi.org/10.1016/j.jngse.2017.02.027
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Samples Preparation 
	Micro-Indentation Tests 
	Equipment 
	Typical Procedures 
	Parameter Setting 
	Environmental Control 

	Determination of Fracture Toughness by Indentation Test 
	Experimental Analysis 
	Energy Analysis 

	Results and Analysis 
	Mineral Composition and Pore Structure 
	Micro-Indentation Test 
	Fracture Toughness 

	Conclusions 
	References

