
 

NANOMECHANICAL RESPONSES OF BORON CARBIDE 

A Thesis 

by 

HSU-MING LIEN 

 

Submitted to the Office of Graduate and Professional Studies of 

Texas A&M University 

in partial fulfillment of the requirements for the degree of 

 

MASTER OF SCIENCE 

 

Chair of Committee,  Kelvin Y. Xie 

Committee Members,  Mohammad Naraghi 

    Pavan V. Kolluru 

Head of Department,  Ibrahim Karaman 

 

August 2020 

Major Subject: Materials Science and Engineering 

Copyright © 2020 Hsu-Ming Lien 

 



ii 

ABSTRACT 

 

Nanomechanical responses of brittle materials, such as glass and ceramics, are important 

for various industrial applications. Understanding their deformation and failure mechanisms 

would offer new knowledge and help design materials with better performance. Among brittle 

materials, boron carbide is of interest due to its low density, high hardness, and chemical 

inertness. However, the nanomechanical responses of boron carbide are less known compared to 

other brittle materials. In this work, we performed nanoindentation at various loads with a 

Berkovich indenter on the undoped, B-doped, and B/Si co-doped boron carbide samples to 

investigate their nanomechanical responses. Pop-in events were observed in the load-

displacement curves for all samples. The loads to trigger the first pop-in in the B-doped boron 

carbide are rather scattered. In contrast, consistent distributions of the first pop-ins, which 

corresponds to the onset of plasticity, were noted in the undoped and B/Si co-doped boron 

carbide. With that, the power-law fitting and the standard Hertzian contact fitting were applied 

for these materials to derive the maximum shear stress induced by nanoindentation, with 

25.94 ± 0.57 GPa for the undoped boron carbide and 24.47 ± 0.52 GPa for the B/Si co-doped 

boron carbide. Besides, cracking (both the surface and subsurface ones) was also induced by 

nanoindentation. The surface cracks were studied through scanning electron microscopy. Surface 

crack lengths were measured and then applied to estimate the indentation fracture toughness 

through the model assuming half-penny cracks. The estimated indentation fracture toughness 

values for undoped, B-doped, and B/Si co-doped boron carbide are 3.15 ±

0.65 MPa m1/2,4.91 ± 0.66 MPa m1/2, and 2.79 ± 0.39 MPa m1/2, respectively. To verify the 

assumption, serial focused ion beam cross-sectioning was employed to reveal the subsurface 
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cracks beneath the 500mN-load indentation impressions. The results suggested the model 

overlooked the contribution from edge cracks and lateral cracks. To sum up, from the 

nanomechanical responses, we revealed that 1) the maximum shear stress required to trigger the 

first pop-in event is higher in the undoped boron carbide, and 2) the B-doped boron carbide 

displays the highest indentation fracture toughness although the true value is underestimated. 

This work also illuminated how the dopants influence the deformation behavior behind the 

physical phenomena. 
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1. INTRODUCTION 

 

Brittle materials, such as ceramics and glass, have drawn a substantial attention because 

of their outstanding properties that are rarely observed in metals and polymers. For example, 

boron carbide has been applied for various industrial applications, such as blasting nozzles and 

body armor, due to its low density, high hardness, and chemical inertness [1-3]. Boron carbide 

also exhibits high neutron absorption cross-section, thus being used in nuclear industries [2, 4]. 

These macroscopic performances are associated with the nanomechanical responses in material, 

and hence, understanding the deformation and failure mechanisms behind the observed 

phenomena would offer new knowledge and help design materials with better performance. Up 

to date, despite of various applications being developed for boron carbide, the deformation 

mechanisms upon impact of this material are less known, compared with other brittle materials 

[5, 6]. For instance, dislocation nucleation [7] and deformation twin [8] had been observed in 

sapphire as the responses to the onset of plasticity, and these findings were later applied for 

improving the micro-machining parameters. Therefore, there is a need to fully understand the 

underlying mechanism of nanomechanical responses in boron carbide to improve its impact 

performance. More specifically, this work aims to investigate the effect on dopant on the 

deformation and fracture behavior of boron carbide using nanoindentation as a testing tool.  
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2. LITERATURE REVIEW 

 

2.1 Crystal Structure and Mechanical Properties of Boron Carbide 

The typical crystal structure of boron carbide is composed of 12-atom icosahedra and 3-

atom chains. Several theoretical simulations have been proposed to predict the most probable 

configuration for boron carbide. So far, there are B12, B11C, B10C2, and B9C3 reported for 

icosahedral configuration and CCC, CBC, CCB, CBB, BCB, and BBB for the chain [1-4]. Also, 

nonlinear chains composed of 4 boron atoms and chains with vacancies were suggested in these 

studies. Among these polymorphs, (B11C) CBC, with the icosahedral C placing at the polar site, 

has been proved energetically favorable for the theoretical calculation.[5-7] From the 

experimental viewpoint, Raman spectroscopy [8-11] and X-ray diffraction [12, 13] have also 

implied the configuration of (B11C
p
) CBC, with the letter “p” signifying the icosahedral polar 

site. Therefore, the majority of theoretical and experimental investigations have arrived to a 

consensus that (B11C
p
) CBC is the preferred configuration for boron carbide.  

 Like other carbides, boron carbide demonstrates extremely high elastic modulus as well 

as hardness, which ranks only behind diamond and cubic boron nitride among known materials 

[4, 14]. The reported elastic modulus is approximately 500 GPa [4, 15]. Unlike elastic modulus is 

an intrinsic material property, hardness depends on various external factors, for example grain 

size, defects, and porosity. Nevertheless, the typical hardness values of boron carbide are 

reported in the range between 20 and 28 GPa for Vickers indentation [13, 15], 29 and 31 GPa for 

Knoop indentation [14], and 41 and 50 GPa for nanoindentation [13, 15].  

 With the outstanding mechanical properties, boron carbide was proposed for body armor 

applications, but the results of ballistic impact suggested that the performance fell far behind 
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than expected. Chen and co-authors had reported localized phase transformation in boron carbide 

from the TEM analysis of the post-impact fragmentation and later attributed that to the reason for 

the decrease in ballistic performance [16]. From then on, several methods have been proposed to 

mitigate the amorphization in boron carbide, and among those, doping is considered the most 

effective [17-19]. So far, Si doping has been widely reported for the effect of stabilizing the 

crystal structure of boron carbide. Khan et al. reported both theoretical and experimental results 

that replacing the chain-center boron with Si atom could stabilize the crystal structure by forming 

an additional bond with the neighboring icosahedral boron [20]. Subsequently, Xiang et al. have 

further suggested that Si-doping could change the deformation mechanism in boron carbide from 

amorphization to direct fragmentation via TEM-based analyses [21]. However, it has also been 

argued that the reduced amount of strong covalent bond, for example B-C bonds, in boron 

carbide would result in lower hardness and elastic modulus [15]. Indeed, the reported numbers 

for undoped boron carbide are generally higher than that of doped boron carbide. 

2.2 Mechanical Properties Measurement from Nanoindentation 

Nanoindentation is widely known for its capability of deriving mechanical properties 

from a small volume of material, and therefore it has been applied to various fields of study [22-

24]. The most commonly reported application is the acquisition of the hardness and elastic 

modulus of the probed material. Hardness is defined as the capability of resisting permanent 

deformation and can be expressed as the applied load divided by the projected contact area. 

However, it is difficult to directly and precisely measure the contact area due to the dimension of 

the nanoindentation impressions. Pethicai et al. first introduced the concept of area function to 

tackle this issue but did not provide further insight [25]. Subsequently, Doerner and Nix 

proposed a method to derive hardness and elastic modulus from the load-displacement curve by 
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assuming that the unloading portion followed the response of flat punch indenter [26]. However, 

in most of the cases, the unloading curve is not linear, thus rendering their analysis untenable.  

Following their predecessors, Oliver and Pharr revisited the concept of area function and 

eventually came up with a method to acquire hardness and elastic modulus without imaging the 

imprints [27]. They started with the nonlinear response of unloading curve and suggested to 

adapt Sneddon’s analysis of axisymmetric indenter tip [28] for describing the unloading 

behavior. Next, based on Sneddon’s analysis, they established the relationship between contact 

stiffness and unloading curve. With that as the basis, they evaluated various materials and 

eventually suggested fused quartz as the standard material to calibrate the area function due to its 

well-studied mechanical properties. Once being calibrated, the contact area can be described as a 

function of contact depth, which is a measurable term in nanoindentation, and therefore hardness 

can be calculated from its definition. As for elastic modulus, it can be derived as following [29]: 

    
1

𝐸𝑟
=

1−𝜈𝑖
2

𝐸𝑖
+

1−𝜈𝑠
2

𝐸𝑠
             (Eq. 2.1) 

where E and ν are the elastic modulus and Poisson’s ratio, with the subscript “i” and “s” denoting 

the diamond indenter and the sample, and 𝐸𝑟  is the reduced modulus proposed by Hertz to 

account for the elastic deformation of the indenter tip. To obtain 𝐸𝑟 , one has to apply the 

essential equation of nanoindentation [30]:  

       𝐸𝑟 =
√𝜋

2
 

𝑆

√𝐴
             (Eq. 2.2) 

where S is the contact stiffness and A is the calibrated contact area in terms of contact depth. For 

these two terms are measurable, 𝐸𝑟 can be derived and the elastic modulus of the sample can be 

computed through Eq. 2.1. 
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2.3 Indentation-induced Surface and Subsurface Cracking 

Both micro-indentation and nanoindentation have long been applied for studying the 

cracking behavior in brittle materials. Cook and Pharr had classified the cracking systems 

observed in Vickers indentation on various brittle materials [31]. For pyramidal indenter, for 

example Vickers and Berkovich, radial-median cracking system, or half-penny system, is more 

likely to form in brittle materials. However, there are outliers, for example soda-lime glass 

developing cone cracks upon Vickers indentation. A cracking system that was not covered in 

Cook and Pharr’s work is edge cracking, which has been studied systematically on various 

glasses by Yoshida and co-authors [32, 33]. They suggested that for nanoindentation with 

Berkovich indenter tip, this type of cracking is initiated by the tensile stress induced along the 

fringes of an impression by the sinking-in upon loading. 

A majority of studies in the indentation induced cracking focuses on fracture toughness 

[34-36]. Among those models for estimating the resistance to indentation induced fracture, 

Lawn, Evans, and Marshall (LEM) had formulated the most reliable one, which was based on the 

assumption of half-penny cracking system developed upon Vickers indentation, and that can be 

expressed as following [37]: 

   𝐾𝑐 = 𝛼 (
𝐸

𝐻
)

1

2  
𝑃

𝑐
3

2⁄
             (Eq. 2.3) 

where α, E, H, P, and c are the empirical constant, elastic modulus, hardness, applied load, and 

the measured crack length, respectively. Anstis et al. had further determined the empirical 

constant, α, to be 0.016 by evaluating various brittle materials and suggested that the number was 

universal [38]. On the contrary, Jang and Pharr argued that α is associated with the intrinsic 

material property and the geometry of the indenter tip [39]. They started with the same 
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assumption in the LEM model and solved it with the Hill’s expanding cavity solutions, and then 

formulated the following expression for α: 

 𝛼 =
0.0352

1−𝜈
  (cot 𝜓)

2

3                        (Eq. 2.4) 

with ν being the Poisson’s ratio of a material and ψ being the half-included angle of an indenter. 

 Despite the advantages brought by the aforementioned method, for example relatively 

simple sample preparation compared with the standard method stated by ASTM [40], the derived 

term can only be treated as indentation fracture toughness due to the incomparable stress states 

between these two tests. Also, the crack length measurement is extremely subjective, resulting in 

the variation in the reported numbers for the same material [41]. Apart from that, a number of 

studies have argued that the existing models do not account for the contributions other than the 

half-penny cracking system. For example, Cuadrado et al. conducted serial FIB cross-sectioning 

on the nanoindentation impressions in various materials [42]. They observed lateral cracks 

emanating from median crack in single crystal Si and (0001)6H-SiC, and hence argued the 

derived numbers were overestimated. Based on the observation, it was recommended to conduct 

serial FIB cross-sectioning to determine the cracking tomography before estimating the 

resistance of indentation cracking through the existing models. 
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3. EXPERIMENTAL DETAILS 

 

3.1 Overview 

The materials used in this work were kindly provided by our collaborators at Rutgers 

University. In the next section, the processing methods for each material as well as operation 

parameters will be addressed in detail and summarized in Table 3.1. 

 Figure 3.1 shows the flow of sample preparation and analysis after receiving the 

materials from the collaborators at Rutgers University. All the materials underwent the exactly 

same procedures and were analyzed systematically. 

 

 

 

Figure 3.1 Schematic of the flow of the sample preparation for chemical and mechanical analysis. 
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Table 3.1 Summary of Sample Fabrication 

Materials Pure Boron Carbide B-doped B/Si co-doped 

Nominal 

Composition 
B4C B13C2 B13C2 + 1.5at% Si 

Fabrication 

Method 
Hot Press Sintering Spark Plasma Sintering Hot Press Sintering 

Sintering 

Conditions 

2150℃, 24 MPa, 4.5hr 

Ramp Rate: 12.5℃/s 

1) 100℃/min. to 600℃ 

and hold for 1 min, 

2) 300 ℃/min. to 

1950℃ and hold for 

5 min at 50 MPa 

1950℃, 20 MPa, 3hr 

Ramp Rate: 12.8℃/s 

 

 

3.2 Sample Fabrication and Phase Identification 

Two processing methods were adopted for fabricating the materials used in this work. 

Regardless of the two different processing methods, the ultimate goal is to yield fully dense 

product and meanwhile ensure homogeneity in chemistry in each material. Hot-pressed sintering 

was selected for fabricating pure boron carbide (B4C) and B/Si co-doped boron carbide, while 

spark plasma sintering (SPS) was chosen to fabricate B-doped boron carbide. The size of the as-

received samples and the corresponding processing parameters, including sintering temperature 

and holding time, are summarized in the following table.  

 Before performing phase identification techniques on each material, all of them were 

sectioned and then sliced into appropriate sizes with low speed diamond saw. Due to the brittle 

nature of ceramics, all three samples were hot-mounted into transparent epoxy to prevent 

cracking into pieces during cutting. The solidified epoxy then served as the constraint to hold the 

material together as the low speed diamond was driven into the sample. Eventually, the three 

samples were cut into dimensions which are also listed in the following table. 
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 After sectioning and slicing, the specimens were first mechanically polished with 

diamond lapping paper of 30 um and 15 um grades at 100 rpm and 80 rpm, respectively, to 

remove the apparent scratches on the surface. Later, they were further polished with 9um, 6um, 

and 1um water-based diamond suspension at 60 rpm on polishing pad to achieve mirror-like 

surface finish for phase identification. 

Phase identification was carried out with X-ray diffractometer and Raman Spectrometer. 

X-ray diffraction (XRD) utilizes the interactions between the lattice atoms and the irradiated 

photons to characterize the identity of a material. Figure 3.2 schematically shows how the Bragg 

diffraction takes place within atomic scales. Prior to irradiation, the sample stage was calibrated 

to be parallel with the surface of the sample in case of any artifact contributed by the surface 

tilting. The information acquired from this technique was further analyzed using Rietveld 

Refinement to simulate the phases presence in the probed specimen. The type of X-ray used in 

this experiment is Cu Kα, which has the wavelength of 1.54 Å, and meanwhile the scan speed 

was kept at 0.015°/s over the range from 15° to 90° in two-theta angle. The low scan speed could 

enhance the accuracy of the result of Rietveld Refinement because of the higher resolution in 

lattice information. 

 Raman Spectroscopy is a spectroscopic technique based on inelastic scattering of 

monochromatic electromagnetic wave, usually from a laser source. Figure 3.3 illustrates how a 

photon interacts with a molecule and the corresponding change in energy. In this study, boron 

carbide exhibits the response to monochromatic light in the form of Stokes-Raman scattering, i.e. 

there is an energy loss in incident photons. By measuring the energy difference, the vibrational 

energy of the irradiated molecule could be deduced. Monochromatic red laser (633 nm) was 

selected in this work to excite certain vibrational modes in the samples. For each measurement, 
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the exposure time was held at 30 seconds per cycle, and in total there were three cycles in every 

measurement. The acquired data was normalized later to show the relative intensity and 

distribution of each Raman band. 

 

 

Figure 3.2 Schematic of Bragg’s diffraction. The difference in the traveling distance between the incident 

and diffracted X-ray beam is defined as 2𝑑 𝑠𝑖𝑛 𝜃. 

 

 

 

Figure 3.3 Schematic of the interaction between laser and irradiated sample molecule. Based on the 

energy of the scattered photon, it can be classified as Rayleigh Scattering, Stokes Raman Scattering, or 

Anti-Stokes Raman Scattering. 
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3.3 Nanoindentation 

For nanoindentation test, there is not much restriction on dimensions, and hence the 

materials were sliced into smaller shapes compare with those used for phase identification. All 

the specimens used for nanoindentation test are in size around 5mm by 3mm in surface and 2 

mm in height. However, there is an extreme requirement for surface roughness as well as the 

flatness of a specimen. Therefore, each specimen was polished double-sided with diamond 

lapping paper down to 15 um grades to ensure the flatness, and the flatness was determined by 

the bubble position in leveler relative to its center.  

 Aside from the specimen flatness, the surface roughness is especially crucial for 

nanoindentation test. Scratches at the surface may affect the contact between indenter tip and the 

specimen surface, and hence results in error within the early stage upon loading. To minimize the 

influence of surface roughness, all the specimens were polished in the same way that had been 

done before performing phase identification techniques. The only exception is for the last stage 

of polishing, the specimen had to be polished with 0.25 um water-based diamond suspension at 

60 rpm for at least 20 hours to reach sufficient surface finish for nanoindentation test. Once 

polishing was done, the transparent epoxy was removed by placing the whole sample in an oven 

at 120℃ for 5 minutes. Later, the specimen could be set apart using spatula. The reason to 

remove the constraint by heat rather than solvent like acetone is to prevent the dissolved epoxy 

from forming a thin layer at the specimen surface and thus results in an error in nanoindentation 

test. 

 The nanoindentation test was performed with the assistance from Dr. George Pharr’s 

student. Each sample was attached to a rigid aluminum pod with “crystal bond” to prevent any 

influence from substrate. To be specific, if the pod is not rigid enough, the measured stiffness 
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would be slightly off from the real value and then result in the error in the reduced modulus 

which can be calculated through the essential equation in nanoindentation. The load used in this 

work are 100 mN, 300mN, 500mN, 750mN, and 1000mN. The initial intent of this work was to 

study the cracking threshold; however, it is difficult to observe the indents of loads below 

100mN due to the high hardness and elastic modulus of boron carbide. Should the cracking 

threshold of boron carbide be the main focus of this work, it is recommended to use cube corner 

indenter tip instead of Berkovich indenter tip. The loading and unloading rate of the indenter was 

kept at 25 mN/s for each material throughout the testing, and the Poisson ratio of 0.21 was set for 

the reduced modulus derivation. Constant Stiffness Measurement (CSM) was also employed in 

each testing, and thus the hardness values in terms of the displacement can be plotted. Before 

testing, the area function was calibrated using Oliver-Pharr’s method on fused quartz [1]. All the 

mechanical properties extracted from nanoindentation testing were then plotted as a function of 

displacement and then discussed in Section 4. 

3.4 Scanning Electron Microscopy (SEM) and Focused Ion Beam (FIB) 

Scanning electron microscopy (SEM) was employed to study surface and subsurface 

cracks of indents. All the works, including focused ion beam (FIB), were done at Aggie Fab with 

Helios NanoLab 460F1, which is equipped with Ga-ion source. The images presented here were 

taken under Mode II immersion to resolve the edge contrast of cracks. The brightness and 

contrast of each image were fine-tuned to reveal the cracks, and thus some of the region in that 

image would appear over-exposed. Throughout the imaging, the electron beam voltage and 

current were kept at 10 kV and 10 nA, respectively. From the top view image of each indent, 

radial crack lengths were estimated and the indentation fracture toughness for each material was 

thus calculated based on the available models mentioned in Section 2.3. 
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Focused ion beam (FIB) was applied to precisely remove the material and then reveal the 

subsurface cracks beneath an indent [2-6]. In this work, the indents of 500 mN load are of 

interest for studying the surface and subsurface cracks at the same time due to the appropriate 

size of impressions for visualization. Because of the strong covalent bond between boron and 

carbon atoms in the material, the energy of the ion beam was set at its maximum value of 30kV 

and several beam currents were used, depending on the need for the work. In general, 9.2nA was 

applied for excavating a large trench under standard mode while 3nA for subsequent removal of 

material under cleaning cross-section mode. Specific attention was paid to several locations of an 

indent, namely radial crack tip, 50% of radial crack tip, corner of an indent, 50% toward the 

center, and lastly the center of an indent. Figure 3.4 schematically displays these locations in an 

indentation impression. When approaching the above listed locations, lower current like 0.88nA 

was selected to avoid artifact and damage introduced by FIB process while not compensating the 

removal rate. 
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Figure 3.4 The schematic top view of the locations of interest in an indentation impression. The dash 

lines denote the slices at each specific location, with the alphabet on the right signifying the cutting 

orders. Note that the serial cross-sectioning always starts with excavating a large trench (shown as the 

grey box in the figure) in front of a radial crack tip at high beam current, and then successively mills into 

the impression at low current to avoid FIB-induced damage. 
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4. RESULTS AND DISCUSSIONS 

 

4.1 Phase Identification 

The results regarding the chemical analysis of the materials were acquired with the 

following techniques, namely X-ray Diffraction (XRD) and Raman Spectroscopy. 

4.1.1 X-ray Diffraction (XRD) 

Figure 4.1 (a) shows the XRD results from each material. The XRD pattern of pure 

boron carbide is denoted as black line while the doped boron carbides are presented in red and 

blue. The star signs (*) in the figure point the peaks attributed to the boron carbide matrix and the 

open circle (○) marks the signal from graphite, which is commonly detected in sintered carbides. 

According to the Bragg’s diffraction, a peak shift suggests either the compression or expansion in 

the corresponding diffracted lattice plane. Here indicates that the dopants were indeed doped into 

the boron carbide matrix. Meanwhile, from the result of Rietveld refinement, there are some 

unidentified peaks appeared in the pattern of doped samples, implying the presence of second 

phases. The magnified XRD patterns provide a better view at the peaks with the strongest 

intensity in each pattern. Interestingly, in B/Si co-doped boron carbide, the peak shift does not 

happen to every peak, suggesting that Si atoms only dwell at certain locations, and thus the 

structural expansion is not uniform throughout the matrix. On the other hand, with B doping 

alone, boron carbide demonstrates rather uniform expansion in crystal structure. The 

incorporation of dopants into the boron carbide matrix is again confirmed with Raman 

spectroscopy and the results are presented in the next subsection. 
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Figure 4.1 (a) The XRD patterns of pure boron carbide, B-doped boron carbide, and B/Si co-doped boron 

carbide. (b) The magnified view of peaks with strongest intensity to show the peak shift. 

 

 

4.1.2 Raman Spectroscopy 

The incorporation of dopants in the boron carbide matrix will affect the local chemical 

bonding, thus alter the lattice vibrational mode. The change can be captured via Raman 

spectroscopy in terms of the energy difference between incident and scattered photons, and the 

results are presented in Figure 4.2. Note that as previously stated, the attribution of certain 

Raman bands to corresponding vibrational modes is still under debate. Therefore, the results 

from Raman spectroscopy will only be presented for verifying the incorporation of dopants into 

the matrix.  

As one can observe from Figure 4.2, the addition of boron and boron/silicon do alter the 

vibrational mode of the matrix, especially in the B/Si co-doped boron carbide. The most obvious 

difference appeared at around 300 cm−1  in B/Si co-doped sample, where the doublet was 

replaced with a single Raman band. This suggests that the presence of Si atoms in the matrix will 

affect the vibrational response of lattice in boron carbide. Perhaps Si atoms may help stabilize 

the disorder phonon responses upon interacting with the red laser.   
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Figure 4.2 The Raman patterns of the three materials studied in this work. Note the disappearance of the 

doublet at 300 𝑐𝑚−1 in B/Si co-doped boron carbide. The presence of Si in the matrix may help suppress 

the disorder phonon response in boron carbide. 

 

 

Apart from the apparent change in B/Si co-doped boron carbide, the shift in Raman bands  

also indicates the foreign atoms incorporating in the superlattice of boron carbide. In general, the 

blue-shift (to the right) in a Raman band means higher vibrational energy state, which may rise 

either from shorter bond length or under compression. Here in this study, the Raman bands 475 

cm−1 and 528 cm−1 shift to higher wavenumbers suggest that the corresponding lattice vibration 

become more vigorously. On the other hand, the red-shift (to the left) in the 1083 cm−1 Raman 

band is suppressed. To summarize, the change in the lattice vibration can serve as an indication 

of the incorporation of foreign atoms into the matrix, and such lattice response can be captured 

by Raman spectroscopy. 
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4.1.3 Summary 

Starting from the XRD results, the shift in the diffracted peaks indicates the lattice 

expansion caused by dopants. Similarly, the shift in Raman bands also confirms the presence of 

foreign atoms in the boron carbide matrix, thus altering the vibrational energy state. The most 

striking change was observed in the Raman pattern of B/Si co-doped boron carbide where the 

doublet at 300 cm−1  was replaced with a single Raman band. With the structural analyses 

presented in this section, the latter mechanical testing should be representative to each material. 

4.2 Nanoindentation 

In this section, the author will focus on the analysis and interpretation of the load-

displacement data and those obtained through Continuous Stiffness Measurement (CSM). For 

each material, the mechanical properties acquired from the nanoindentation testing were 

summarized in Table 4.1. The analysis regarding nanoindentation induced cracking will be 

addressed in Section 4.3 and Section 4.4. 

 

 

Table 4.1 Summary of Hardness and Elastic Modulus of Each Material 

Materials 𝐁𝟒𝐂 B/Si co-doped B-doped 

Hardness (GPa) 46.53 ± 1.13 42.60 ± 2.91 44.72 ± 2.43 

P Value N/A 7.26 × 10−15 8.55 × 10−7 

Elastic Modulus (GPa) 515.52 ± 10.38 493.04 ± 34.60 496.09 ± 12.17 

P Value N/A 5.97 × 10−6 1.28 × 10−15 

 

  



25 

4.2.1 Hardness Measurements 

Because of CSM, the hardness of a material can be monitored throughout the loading of 

nanoindentation test and thus can be plotted as a function of displacement. In Figure 4.3, the 

second row shows the examples of the hardness versus displacement relationship of each 

material. The hardness values of each material summarized in Table 4.1 were exported from the 

range of 200 nm to 300 nm in displacement due to the indentation size effect as well as the initial 

burst of the hardness value happened in pure boron carbide and B/Si co-doped boron carbide. 

Apart from that, the huge drop in hardness value after the burst is associated with the first pop-in 

event, as shown in Figure 4.3. The measured hardness values are close to those have been 

reported [1-4]. It can be observed that the additional B and/or Si atoms in the matrix results in 

lower hardness values. Xie et al. has suggested that in boron carbide the B-C bond is stronger 

than B-B bond [3]. By adding more B into the matrix, the amount of B-C bond is decreased, thus 

yielding lower hardness values of the material. Similarly, Khan et al. suggested that the Si dopant 

would replace the chain center position, which also reduced the amount of B-C bond in the 

material [5]. Following the same concept, the decrease in the hardness value of B/Si co-doped 

boron carbide is expected.  

In addition to the values, the shape of the curves from pure boron carbide and B/Si co-

doped boron carbide is different from that of B-doped boron carbide, as shown in Figure 4.3. 

The author believed that the apparent difference in the shape stemmed from the different 

processing methods. In this work, pure boron carbide and B/Si co-doped boron carbide were both 

fabricated through hot-pressed sintering while the B-doped sample was made via spark plasma 

sintering (SPS). The major difference in these two methods is the processing time, with the 

former one longer than the latter. Grain growth is one of the material phenomena that may arise 
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from the prolonged processing time. Therefore, the author speculated that the difference in the 

grain size is the main cause of the different shapes of the curves. Despite of that, more 

experiments should be done to prove the speculation. 

4.2.2 Elastic Modulus Measurements 

With the aid of CSM, the elastic modulus can be monitored throughout the loading, and 

results of each material was summarized in Table 4.1. The plot that shows the relationship with 

indentation displacement is presented in Figure 4.3. Unlike the hardness to displacement plots, 

the elastic modulus to displacement plots appear similar to each other, and again a drop in the 

value can be observed at where a pop-in event is detected. The mechanism behind the technique 

is that pop-in event corresponds to sudden loss in stiffness measurement. As an indenter being 

driven further into the sample, the measured stiffness returns to normal until the next pop-in 

happens.  

Despite that the elastic modulus is rather independent of indentation displacement, to 

maintain the consistency with Section 4.2.1, the data exporting range was set as 200 nm to 300 

nm in displacement. The measured elastic modulus of pure boron carbide is close to those have 

been reported in literature [1]. As for the doped boron carbide, there is no much data available, 

however a trend of decreasing elastic modulus for doped boron carbide is expected since the 

number of strong covalent B-C bond decreases as dopants being added into the matrix [3]. The 

similar concept was also observed in the hardness measurement. 
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Figure 4.3 (a), (e), and (i) presents the representative load-displacement curves at 500mN load for each 

material. The following figures in the same column are the corresponding hardness, elastic modulus, and 

pop-in detection plots as a function of displacement for each material. 
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4.2.3 First Pop-in Events 

In the analysis of the load-displacement data, the specific attention was paid to the 

detection for the first pop-in events in the boron carbide samples. As discussed in Section 2, the 

physical origin of pop-in events in brittle materials is of important when it comes to fine-tuning 

the micro-machining parameters in various engineering applications. Figure 4.4 presents the 

enlarged view of the first pop-in events in Figure 4.3 (a), (e), and (i). Here we can observe that 

the first pop-in event in pure boron carbide and B/Si co-doped boron carbide occurs in the earlier 

stage of loading (~20mN) whereas that of B-doped boron carbide happens around 30mN. To 

assure that the results presented here is representative, the author re-visited all the 500mN tests 

of each material and provided the distribution of the corresponding load of the first pop-in event 

in each material, as shown in Figure 4.5 (a). The occurring ranges for pure boron carbide and 

B/Si co-doped boron carbide are close to each other, with the averaged occurring load of the 

latter one slightly higher than the former one by 3.01mN. On the contrary, the occurring range of 

the first pop-in event for B-doped boron carbide is relatively stochastic, and more than half of the 

tests do not show the apparent discontinuities during loading. To understand the physical origin 

of the first pop-in event, lower loads such as 10mN and 30mN were applied for pure boron 

carbide. As shown in Figure 4.6 (a), the load-displacement curve for 10mN testing exhibits fully 

elastic behavior, whereas the slight deviation between the loading and unloading curves 

originates from the environment, for example, thermal drift and vibration from the machine. As 

soon as the load applied to the material exceeds 10mN, pop-in event occurs. Therefore, pop-in 

event can be viewed as the onset of plasticity in pure boron carbide. 
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Figure 4.4 The enlarged view of the first pop-in events in Figure 4.3 (a), (e), and (i). Note that for B-

doped boron carbide, the first pop-in event takes place in a stochastic manner, and here shows the only 

one that occurs in low load. 

 

 

 

Figure 4.5 (a) The distribution of the corresponding load at the first pop-in event in each 500mN test. (b) 

The averaged occurring load of the first pop-in event in pure boron carbide and B/Si co-doped boron 

carbide. 
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As discussed in Section 2, dislocation nucleation rarely occurs in brittle materials when 

accommodating the imposed strain, instead phase transformation [6], twinning [7], and cracking 

[8] are more commonly observed. In boron carbide, phase transformation and cracking are the 

two main mechanisms for dissipating energy. To calculate the shear stress required for the 

plasticity to initiate, the method proposed by Page et al. was applied [9]: 

𝜏𝑚𝑎𝑥 = 0.12 ×  √
𝑃𝑐𝑟𝑖𝑡𝐸𝑠

2

𝑅𝑒𝑓𝑓
2

1
3

              (Eq 4.1) 

where 𝑃𝑐𝑟𝑖𝑡 is the load where the pop-in event initiates, 𝐸𝑠 is the elastic modulus of the indented 

sample, and 𝑅𝑒𝑓𝑓 is the effective radius derived from the elastic portion of a load -displacement 

curve via Hertzian contact fitting, as demonstrated in Figure 4.6 (b). From Eq. 4.1, the resultant 

maximum shear stress in the low load testing for pure boron carbide is 25.94 ± 0.57 GPa, which 

is close to the reported values required for amorphization to take place [1, 10]. 

 Although the low load testing was only performed on pure boron carbide, similar analysis 

can also be applied to B/Si co-doped carbide. Despite that the results may not be as accurate as 

that for pure boron carbide, it still provides a trend on how the dopants affect the shear stress 

induced by nanoindentation. The shear stress induced in B/Si co-doped boron carbide is 24.47 ±

0.52 GPa, which is slightly lower than that of pure boron carbide. This is expected due to the 

reduced amount of strong covalent bond (B-C bond) in the doped boron carbide. Unfortunately, 

such method could not be applied to B-doped boron carbide as there was no apparent 

discontinuity in the low load ranges, meaning that plasticity might have occurred in the material 

prior to the pop-in event. Therefore, the elastic analysis based on Hertzian contact is not valid in 

this scenario. More analyses on the effect of dopants will be discussed latter. 
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Figure 4.6 (a) The representative load-displacement curves of 10mN and 30mN nanoindentation testing 

on pure boron carbide. (b) The Hertzian contact fitting of 30mN curve prior to the pop-in event. 

 

 

4.2.4 The Effect of Dopants on the Mechanical Properties 

The aforementioned results indicate that the incorporation of foreign atoms in the boron 

carbide matrix will lead to a lower hardness value and elastic modulus. This is primarily due to 

the decreasing number of strong covalent B-C bond in the material. By looking at the nominal 

chemical composition of the doped boron carbide, the major loss in the B-C bond results from 

the additional boron atoms in the matrix, whereas the content of Si is only 1.5 at%. Still, with the 

minute amount of Si addition, the hardness and elastic modulus of the material further decrease 

by 2.12 GPa and 2.05 GPa, respectively. However, as widely reported and accepted in the boron 

carbide community, despite of losing some of the mechanical properties, the formation of the 

amorphized phase can be inhibited by doping. With the Raman mapping technique, Khan et al. 

[5] and Yang et al. [11] had proved that Si atom can mitigate the amorphization in boron carbide 

when subjected to Vickers indentation. The mechanism behind the mitigation was believed that 

Si atom would form an extra bond with the neighboring icosahedral boron atom, thus improving 
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the stability of the chain structure, which was previously considered vulnerable to shearing and 

later became the origin of amorphization [5]. In this work, the mitigation of amorphization 

manifests in the delay of pop-in event, with the averaged occurring load of B/Si co-doped boron 

carbide is higher than that of pure boron carbide by 3.01mN. This additional tolerance to pop-in 

event suggests that the plasticity in B/Si co-doped boron carbide requires more energy to initiate, 

and therefore it is expected that this material will exhibit higher indentation fracture toughness 

than its pure counterpart does. 

4.2.5 Summary 

From the data acquired via CSM, all materials exhibit indentation size effect, meaning 

that the measured hardness value is dependent on the indentation displacement. This 

phenomenon arises from that larger the contact volume, the higher chance of encountering 

defects, for example porosity, thus resulting in a lower hardness value. Note that elastic modulus 

is rather independent of the displacement. Another thing that can be observed from the data is 

that the sudden drop in the measured values corresponds to the pop-in event in each 

nanoindentation test. The physical origin of the pop-in event in boron carbide was believed to be 

amortization and cracking as according to literature, dislocation nucleation is unlikely to happen 

in boron carbide system due to strong covalent bonding. The results suggest that B/Si co-doped 

boron carbide requires more energy for plasticity to initiate than pure boron carbide does, which 

can be inferred from the averaged pop-in occurring load of these two materials. As for B-doped 

boron carbide, there is no apparent discontinuity in most of the nanoindentation test, and 

therefore the same analytical approach cannot be applied to it. 
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4.3 Surface Cracking 

In this part of the thesis, the SEM images of nanoindentation-induced surface cracks in 

three different materials are presented, and the length of cracks and the size of the impression 

were measured via the image-processing software, ImageJ. Note that only 500mN-load indents 

are included in this subsection due to the pandemic that prevents graduate students from doing 

experiments. Figure 4.7 defines the crack length and the size of an indentation impression. The 

measured values were summarized in Table 4.2 and were later applied for calculating the 

indentation fracture toughness of the three materials. 

 

 

 

Figure 4.7 Crack length (c) and indentation size (a) measured from indentation. For each impression, all 

three crack lengths and indentation sizes were measured and averaged. Note that the crack length, c, is 

measured from the center of the impression to the radial crack tip, regardless whether it comes off from 

the corner of the impression. 
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Table 4.2 Summary of the crack lengths and indentation sizes 

Materials 𝐁𝟒𝐂 B/Si co-doped B-doped 

Indentation Size, a (μm) 3.43 ± 0.09 3.41 ± 0.24 3.39 ± 0.08 

P Value N/A 0.45 0.49 

Crack Length, c (μm) 5.95 ± 0.89 6.47 ± 0.66 4.36 ± 0.39 

P Value N/A 0.083 5.91 × 10−5 

 

 

4.3.1 Pure Boron Carbide (B4C) 

Figure 4.8 demonstrates the representative indentation impressions at 500mN load on the 

pure boron carbide sample, which will serve as the base-line for analyzing the doped boron 

carbide samples. As shown in the figure, all the impressions possess three radial cracks 

emanating either from the corners or from the side, which are a typical feature of crystalline 

brittle materials subjected to nanoindentation. One feature worth notice is that the fringes of an 

impression slightly curve inward, indicating an indentation phenomenon called sinking-in. This 

feature is commonly observed in brittle materials or, specifically by material properties, low E/H 

value materials [12]. Another feature along the fringes of an indentation impression is edge 

crack. Yoshida et al. had proposed the physical explanation to the edge cracking based on their 

in-situ observation of nanoindentation in soda-lime glass. For Berkovich indenter tip, the edge 

crack occurs during loading in which the local tensile stress generated by the sinking-in triggers 

the cracking along the fringe of an impression [8]. 

 From the representative impressions, the radial cracks appear either straight or tortuous. 

In amorphous brittle materials, which show isotropic mechanical properties, it is common to 

observe a straight radial crack coming off the corner of an impression. However, for crystalline 
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materials, the anisotropy in the mechanical properties will lead to preferred cleavage planes, and 

thus one can observe a sudden change in the direction of the crack. Interestingly, in pure boron 

carbide, both types of radial crack were formed. To the best of the author’s knowledge, boron 

carbide does not show preferred cleavage plane during cracking, at least not being reported so 

far. With that being said, the anisotropy in mechanical properties of boron carbide plays a minor 

role than that does in other brittle materials, for example sapphire [7, 13]. However, to verify 

such statement, it is recommended to study the crystallographic orientation of each impression. 

 

 

 

Figure 4.8 The representative indentation impressions at 500mN load on pure boron carbide. Note that in 

some impressions, chipping can be observed at the edge. Cook et al. suggested that this may resulted from 

the subsurface lateral cracks propagating to the surface [12].   
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4.3.2 Boron-doped Boron Carbide 

The representative indentation impressions of B-doped boron carbide sample are 

presented in Figure 4.9. Compared with that of pure boron carbide, there is no much difference 

in the indentation size but the radial cracks are generally shorter. Even in some of the cases, as 

shown in Figure 4.9 (b), the absence of a radial crack was observed. These impressions were 

discarded in the crack length measurement and were not included in the later indentation fracture 

toughness calculation. Despite appeared short, the radial cracks in B-doped boron carbide are 

usually tortuous, and there are more radial cracks emanating from the fringe. This suggests that 

elastic anisotropy may play a role in crack propagation. However, it is necessary to investigate 

the crystallographic orientation of each impression to justify the statement.   

 In addition to radial cracks, edge cracks also appeared in B-doped boron carbide. This 

type of crack might be initiated by the tensile stress caused by the sinking-in during loading, as 

proposed by Yoshida and co-authors [8, 14]. Another feature worth notice in the B-doped boron 

carbide sample is that there are more porosities than that in the pure boron carbide sample. It is 

probably due to the nature of short processing time in spark plasma sintering (SPS) that does 

allow the material to fully densify. Therefore, it is expected that porosity will be more prevalent 

than in the other two materials that were fabricated through hot-press sintering. In fact, the 

presence of porosity in the B-doped boron carbide sample largely affect the estimation of 

indentation fracture toughness. This will be discussed in detail in Section 4.3.4, and the results 

presented in Section 4.4.5 will further justify the statement. 

  



37 

 

Figure 4.9 The representative 500mN-load indentation impressions of B-doped boron carbide. Note that 

the radial cracks are generally shorter than that in pure boron carbide. Also, there are more porosities in 

the material, suggesting that crack propagation may be hindered due to the crack tip blunting. 

 

 

4.3.3 Boron/Silicon Co-doped Boron Carbide 

The representative 500mN-load indentation impressions of B/Si co-doped boron carbide 

are presented in Figure 4.10. Note that the black faceted features near an impression indicate the 

presence of secondary phase other than graphite. In most of the cases, these inclusions have 

minor effect on the nanoindentation data, while in some of the tests, it is found that the indenter 

stroke directly into the secondary phase and caused unexpected cracking. These impressions 

were considered invalid and were discarded from the latter analyses.   
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Figure 4.10 The representative 500mN-load indentation impressions of B/Si co-doped boron carbide. The 

black faceted features in the figure indicate the presence of secondary phase other than graphite. From the 

results, the secondary phase does not influence the indentation response of B/Si-co-doped boron carbide. 

 

 

Compared with that in the other two materials, there is no apparent difference in the size 

of the impression in B/Si co-doped boron carbide, and meanwhile the morphology of the surface 

cracks is close to that of pure boron carbide. Similarly, the radial cracks in B/Si co-doped boron 

carbide appear either straight or tortuous, implying the influence of crystallographic orientation 

in the cracking behavior. Apart from that, edge cracks also happened in B/Si co-doped boron 

carbide, and they are more prevalent than that in pure boron carbide. By careful observation at 

the distribution of the slip bands inside an impression, it is proposed that these features are 

related to the edge cracks. A direct approach to study their relationship is via focused-ion beam 
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cross-sectioning to see whether the slip bands develop into edge crack. A detailed observation 

will be presented in the next section. 

4.3.4 Estimated Indentation Fracture Toughness 

As suggested in Section 2.3, the calculation of indentation fracture toughness will be 

based on the model proposed by Lawn and co-authors [15], with the modified pre-factor, α, 

following the analysis by Jang and co-authors [16]: 

 𝐾𝑐 = 𝛼 (
𝐸

𝐻
)

1

2  
𝑃

𝑐
3

2⁄
             (Eq. 4.2) 
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  (cot 𝜓)

2

3                        (Eq. 4.3) 

where E, H, P, and c are the elastic modulus, hardness, applied load, and crack length, 

respectively. For the expression of the pre-factor, ν and ψ are the Poisson’s ratio and the center 

line-to-face angle of the indenter tip, respectively. In this work, the Poisson ratio of the three 

materials are set as 0.21, and the half-included angle for the Berkovich indenter tip is 65.27˚, 

thus yielding 0.0256 for α. The indentation fracture toughness for each material are summarized 

in Table 4.3. 

 

 

Table 4.3 The indentation fracture toughness for the undoped and doped boron carbide. 

Materials 𝐁𝟒𝐂 B/Si co-doped B-doped 

Indentation Fracture Toughness 

(𝑴𝑷𝒂 ∙ 𝒎𝟏 𝟐⁄ )  
3.15 ± 0.65 2.79 ± 0.39 4.91 ± 0.66 

P Value N/A 0.031 3.24 × 10−10 
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The calculated indentation fracture toughness of pure boron carbide is higher than what 

have been reported using Vickers indentation [1-3]. This perhaps stems from that in micro-

indentation, there is higher chances to encounter defects in the material which may act as stress 

concentration site, thus resulting in lower indentation fracture toughness. On the contrary, 

because of the small probing volume in nanoindentation, the indentation response mostly comes 

from a single grain, and thus the intrinsic material properties should play a major role in cracking 

resistance. Therefore, it is expected that the values we obtained in this work would be higher 

than those derived from micro-indentation testing.  

From Table 4.3, it is indicated that the indentation fracture toughness of B-doped boron 

carbide is anomalously higher than the other two materials. In fact, the expression listed above 

suggest that the indentation fracture toughness would be higher with short crack lengths, 

however, from Figure 4.9, micro-pores are present at the surface, and that will cause the blunting 

of a crack tip, thus hindering the propagation. Therefore, the obtained values would be 

overestimated. Aside from that, the Lawn, Evans, and Marshall Model (LEM) assumes half-

penny crack beneath the impression and does not account for the contribution from the edge 

crack and the lateral crack, even though Jang et al. had modified the model to accommodate the 

three-sided Berkovich tip. With that being said, the actual energy required to initiate cracking 

should be lower than the estimated values for the three materials. 

4.3.5 The Effect of Dopants on the Estimated Indentation Fracture Toughness 

From the results presented in Section 4.2, it is proposed that the addition of dopants in 

the boron carbide matrix could delay the occurring load of the first pop-in event by mitigating 

the formation of amorphous bands, and meanwhile more energy is required for plasticity to 

initiate in B/Si co-doped boron carbide, assuming that the first pop-in event is associated with the 
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transition from purely elastic to elastic/plastic deformation. Here the proposition to the first pop-

in event will be discussed in terms of direct observation of the surface cracks. Note that the 

following discussion will exclude B-doped boron carbide as the cracking behavior is unexpected 

and needs another round of testing in the future to assure the repeatability.  

From the crack length and the indentation impression size measurements presented 

above, the incorporation of foreign atoms in boron carbide matrix has little effect on the size of 

the indentation impressions, however, there is an apparent difference in the crack lengths. As 

shown in Figure 4.8 and Figure 4.10, the crack lengths appear longer in B/Si co-doped boron 

carbide, compared with the baseline material, pure boron carbide. This is probably due to the 

decrease in the number of strong B-C covalent bond, as proposed by Xie and co-authors [3]. The 

lower indentation fracture toughness of B/Si co-doped boron carbide could support the 

proposition that the energy required for the cracking to initiate in this material is lower than that 

in its undoped counterpart. Meanwhile, in the analysis of the first pop-in event, B/Si co-doped 

boron carbide could absorb more energy prior to the discontinuity appeared in the load-

displacement curve. This may explain why the cracking is more severe in B/Si co-doped boron 

carbide, given that more energy is absorbed and the resistance to cracking is inferior to pure 

boron carbide.  

To sum up, despite the intrinsically weaker in the resistance to cracking, the addition of 

dopants in the boron carbide matrix could withstand more energy prior to the crack initiation 

than the pure boron carbide does via mitigating the formation of amorphous bands during 

impact.  
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4.3.6 Summary 

A detailed analysis of the surface cracks induced by 500mN-load nanoindentation in each 

material was conducted, and the results are discussed and presented in this section. From the 

indentation impression size and crack length measurements, there is no apparent difference in the 

size of the indentation impression but a substantial difference in the crack lengths is observed. 

Note that the crack length of B-doped boron carbide is anomalously higher than the other two, 

thus being excluded in the latter analysis. It is probably due to the short processing time in SPS 

that does not allow the material to fully densify. Therefore, micro-pores were observed in the 

material, which could hinder crack propagation and render the indentation fracture toughness 

overestimated. 

 From the comparison between the other two materials, it is suggested that the addition of 

the dopants in born carbide matrix could increase the energy required for the onset of plasticity 

in spite of the weaker intrinsic resistance to cracking. 

4.4 Subsurface Cracking 

From the previous analysis of the indentation fracture toughness, it was found that the 

applied model does not account for the edge crack and lateral crack. Also, it remains unclear 

whether the crack morphology in the studied materials follows the assumed half-penny crack. 

Therefore, focused-ion beam (FIB) was employed to study the subsurface cracking in the three 

materials. To maintain consistency, the 500mN-load indentation impressions were selected for 

FIB cross-sectioning, and for each impression, there are five positions of interest, namely radial 

crack tip, 50% radial crack, corner of the impression, halfway from corner toward center, and 

finally, the center of the impression, as shown schematically in Figure 3.4. 
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4.4.1 Pure Boron Carbide (B4C) 

The subsurface cracks of 500mN-load indentation impression in pure boron carbide are 

presented in Figure 4.11. To begin with, as shown in Figure 4.11 (a), the position initially 

denoted as the radial crack tip from the surface view is in fact not the actual crack tip since the 

subsurface crack is already present at a certain depth. This indicates that the very front portion of 

the radial crack has yet propagated to the surface, thus resulting in the over-cut of the radial 

crack tip. Note that there is a faint feature near the crack propagating straight down to the 

material. That is the artifact caused by FIB, which in some of the similar studies will mix up with 

the actual crack [17, 18]. Fortunately, the subsurface cracks in pure boron carbide are tortuous, 

and thus the FIB artifacts are discernible.  

 In Figure 4.11 (b), at the nominal halfway of the radial crack, the subsurface crack 

appears tortuous and is off away from the centerline, despite it being straight from the surface 

view. This implies the influence of crystallographic orientation on the cracking behavior. Note 

that the subsurface crack had propagated deep into the material where could not be captured in 

the view field. The faint feature ensuing the apparent tip of the subsurface crack is actually the 

part of the crack as referred. A reason not able to resolve that portion is probably due to the 

nature of FIB, in which the ion beam can only be focused at the surface. Once beyond the 

focusing plane, the ion-beam starts to diverge, and thus the etching rate is no longer assured. 

Another reason may be that the crack was filled by the removed material during FIB slicing. So 

far, the observation of the radial crack is close to what Cuadrado et al. had found in various 

brittle materials that the subsurface cracks are not straight down into the material [19]. 
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Figure 4.11 The cross-section of the selected positions of 500mN-load indentation impression in pure 

boron carbide. The dash line in (a) denotes where the subsurface crack terminates. Note that in (c), a 

crack initiates from the edge crack, as indicated by the black arrow. 
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As the FIB process approached to the corner of the impression, as shown in Figure 4.11 

(c), a subsurface crack propagating from the surface and then turning into lateral direction was 

captured. By close observation, it can be inferred that this crack initiated from the edge crack at 

the surface, as the black arrow pointing at in the figure. As for the primary subsurface crack, the 

cracking became more severely and again extended beyond the view field.  

 In Figure 4.11 (d), the FIB process arrived at the halfway from the corner toward the 

center of the impression. At this location, it can be observed that the lateral crack developed from 

the median crack, assuming the half-penny crack formed beneath the impression. Also, the as-

mentioned secondary subsurface crack coalesces with the primary one, suggesting that the 

previous proposition that this crack initiated from the edge crack is incorrect. Another feature as 

shown in this figure is that the primary crack did not further extend down into the material, 

instead it stopped at certain depth and then started to propagate in the lateral direction. This type 

of propagation has not yet been reported for brittle materials, and therefore another round of FIB 

cross-sectioning is needed to justify whether it is representative.  

 The cross-section view of the subsurface crack at the center of the indentation impression 

is presented in Figure 4.11 (e). Surprisingly, there is no median crack present at this location; 

instead, the cracks propagate in the lateral direction. Right beneath the impression, there is a 

region free of cracks, suggesting the zone with residual compression. The boundary along which 

the subsurface crack initiates from is denoted as the elastic/plastic boundary, and it can also be 

inferred that there is a transition from compression to tension in the local stress field, thus the 

cracking being promoted. 
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4.4.2 Boron-doped Boron Carbide 

Figure 4.12 presents the SEM images of the subsurface cracks at the selected locations of 

a 500mN-load indentation impression in B-doped boron carbide. Note that most of the 

impressions in this material exhibit relatively short radial crack lengths, thus the one presented 

here was chosen simply because of its appropriate dimension for handling.  

 Similar to the finding in Figure 4.11 (a), the subsurface crack shown in Figure 4.12 (a) 

has no surface trace. Still, the subsurface crack appeared short and faint, indicating the fact that 

the location is indeed close to the actual radial crack tip. Apart from that, the subsurface crack 

does not propagate straight down into the material, suggesting that the influence of 

crystallographic orientation on the cracking behavior. Figure 4.12 (b) shows the morphology of 

the subsurface crack at the mid-point of the radial crack. It can be observed that there is no 

apparent difference with that in the last location except for the dimension.  

 In Figure 4.12 (c), micro-pores were captured by the SEM imaging. This finding 

supports the previous postulation on the anomalously higher indentation fracture toughness in B-

doped boron carbide, although the figure does not show the crack arrested by the micro-pores. As 

the process moving forward to the center, the subsurface crack exhibit like a perfect median 

crack which propagates straight down into the material, as shown in Figure 4.12 (d). However, 

as signified with the black arrow, there is a lateral crack emanating from the median crack. This 

additional subsurface crack is not considered in Lawn, Evans, and Marshall’s indentation fracture 

toughness model [15], thus resulting in the overestimated values in this content.  

 Eventually, the FIB process arrived at the center of the impression, as shown in Figure 

4.12 (e). Out of expectation after observing a near-perfect median crack, there is micro-pore right 
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Figure 4.12 The cross-sectional view of the subsurface cracks at selected locations of a 500mN-load 

indentation impression. The black dash line in (a), (b), (c), and (d) denotes where the crack terminates. 

Note in (e), it is difficult to tell whether the bottom portion of the crack is real or the artifact caused by 

FIB. The black arrows in (d) point at the faint lateral cracks propagating from the halfway of the median 

crack. 
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beneath the impression. Interestingly, the subsurface crack initiated from the faceted pore and 

passed through the pore on the way of propagation. In addition, a crack free zone can be 

observed right beneath the center of the impression, suggesting the presence of the residual 

compression that prevents cracking.  

 Compared with those in the pure boron carbide, boron-doped boron carbide exhibits a 

cracking behavior closer to what have been reported for amorphous brittle materials [20]. Still, 

there is need to justify the repeatability of the observed phenomena in this material. 

4.4.3 Boron/Silicon Co-doped Boron Carbide 

The serial cross-sections made at selected locations of a 500mN-load impression and the 

corresponding SEM images are presented in Figure 4.13. Similar to the other two materials, the 

very front portion of the subsurface crack cannot be observed from the surface view. Therefore, 

in this content, those denotes as the radial crack tip are in fact not the actual crack tip since the 

very front portion of the radial crack has yet propagated to the surface. A probable method to 

observe the subsurface view of the radial crack tip is by placing the FIB milling box further away 

from the tip of its surface trace. And then with successive slicing, the morphology of the radial 

crack tip could be revealed.  

 In Figure 4.13 (c), it can be seen that a lateral crack branch out from the radial crack. As 

previously appeared in the other two materials, the lateral crack does not take place until close to 

the corner of the impression. The reason behind the phenomenon may stem from the complicated 

stress field within impression. When the FIB process arrived at the midpoint between the corner 

and the center of the impression, cracking became more severe and complicated, as shown in 

Figure 4.13 (d). In addition to the primary subsurface crack as observed in pure boron carbide, 

there is a crack seemingly initiated from the edge crack at the surface. Eventually, the FIB 
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process arrived at the center of the impression. Unfortunately, a secondary phase located right 

beneath the impression, which then alters the expected stress field and results in a different 

cracking morphology. As appeared in Figure 4.13 (e), a crack initiated form the faceted 

secondary phase where might act as a stress concentration cite to promote cracking. Despite the 

unexpected interference, there is still a crack free zone right beneath the center of the impression, 

signifying the presence of compressive stress field. However, it is out of surprise that the  

 

 

 

Figure 4.13 An indentation made at a load of 500mN in B/Si co-doped boron carbide. Serial cross-

sections made at selected locations indicated in the surface view at the top are shown in (a), (b), (c), (d), 

and (e). Note that there is a secondary phase right beneath the impression. The black arrow in (d) signifies 

the potential site for the secondary subsurface crack to initiate.   
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presence of the secondary phase does not largely influence the overall cracking behavior, at least 

for that outside of the impression.  

4.4.4 The Effect of Dopants on Subsurface Cracking Behavior 

So far, the dopants have a discernible influence on the cracking behavior at the surface, as 

presented in Section 4.3. The incorporation of dopants into the boron carbide matrix results in 

longer radial cracks. Unfortunately, in this content it is yet to concluded the influence of dopants 

on the subsurface cracking behavior since the repeatability of the subsurface morphology has not 

been verified. Despite of that, here the semi-qualitative results will be used for direct 

comparison.  

 For B doping alone, it is surprised to observe that the overall cracking behavior is close to 

what have been observed for amorphous brittle materials [20], with a median crack straight down 

rather than off from the centerline. Also, the expected crack tip blunting was not observed 

throughout the FIB experiments. Therefore, it is believed that the substantial difference in the 

cracking behavior between pure boron carbide and B-doped boron carbide stems from the 

mitigation of amorphization in the material, and then the previous postulation on the 

anomalously higher indentation fracture toughness may not hold true. In Section 2, it has been 

discussed how amorphization affects the mechanical responses in boron carbide, and therefore 

with the addition of boron dopant, the resultant distorted rhombohedral unit cell could toughen 

the material by favoring the local plasticity [3]. Eventually, the mechanism manifests itself in 

shorter surface crack lengths, near-perfect half-penny crack, and higher indentation fracture 

toughness in B-doped boron carbide.  

Now that with Si atoms being doped into the matrix, supposedly the cracking should at 

least less severe than that in pure boron carbide due to the mitigation of amorphization, as 
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described for B-doped boron carbide. In fact, the cracking in B/Si co-doped boron carbide is as 

severe as that in the undoped counterpart. Following the same explanation for the B-doped boron 

carbide, as the chain center position is replaced with Si atom, there is an extra bond formed 

between Si and the neighboring icosahedral boron, thus leading to a kinked structure rather than 

a linear one. This change may no longer favor the local plasticity, and in turn promote the 

cracking to take place, regardless that Si doping has been reported effective on mitigating 

amorphization [4, 5, 11]. Another possible explanation to the severe cracking originates from the 

reduced amount of strong covalent bond in the material due to Si doping. This has been 

addressed in the previous section where the intrinsic property manifests itself in the lowest 

hardness value among the three materials studied in this writing.  

4.4.5 Summary 

In this section, regardless whether the results are representative, the subsurface cracking 

behavior of the doped and undoped boron carbide has been studied systematically in terms of the 

influence of dopants. By direct comparison, B-doped boron carbide exhibits a moderate cracking 

behavior, and a near perfect half-penny crack was observed in this material. The other two 

materials, on the contrary, developed severe cracking during indentation, whereas the mechanism 

behind the similar cracking behavior was different for each material, with amorphization 

triggered in pure boron carbide and the intrinsically weaker bonding nature in B/Si co-doped 

boron carbide. Despite of that, there is a need to perform another round of experiment to justify 

the observed cracking behavior presented in this content.  
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5. CONCLUSIONS AND FUTURE WORK 

 

5.1 Conclusions 

The objective of this study was to investigate the effect of dopant on the deformation and 

fracture behavior of boron carbide. This objective is achieved by understanding their 

nanomechanical responses with advanced testing and characterization techniques, such as 

nanoindentation, XRD, Raman, SEM, and FIB serial-sectioning. By analyzing results from the 

aforementioned techniques, the new discoveries are summarized as follows:  

1. From the XRD patterns and Raman spectra, the chemical homogeneity was confirmed in 

all three materials, thus the corresponding mechanical responses are representative to 

each material.  

2. Doping leads to lower elastic modulus and hardness values in boron carbide, primarily 

because of the reduced amount of strong covalent bond (B-C) present in the systems. 

3. The first pop-in events observed in pure boron carbide and B/Si co-doped boron carbide 

are associated with the onset of plasticity. The corresponding maximum shear stresses 

were calculated via the power law fitting and standard Hertzian contact fitting to the 

loading curve prior to the first pop-in event (25.94 ± 0.57 GPa for the undoped boron 

carbide and 24.47 ± 0.52  GPa for the B/Si co-doped boron carbide). The results 

approximate the reported shear stresses to initiate amorphization in boron carbide.  

4. The load levels to trigger the first pop-in events in the B-doped boron carbide is rather 

scattered. Thus, the maximum shear stress values could not be derived from the approach 

described above. 



55 

5. Using the modified LEM model, B-doping results in a substantially higher indentation 

fracture toughness than undoped and B/Si co-doped samples. This is probably due to the 

resultant crystal structure favoring the local plasticity.  

6. From the results of serial FIB cross-sectioning, lateral cracks were observed branching 

out from the median cracks in the undoped and B/Si co-doped samples as soon as the FIB 

process approached to the corner of the indentation impression, whereas the B-doped 

sample displayed a near-perfect half-penny cracking system.  

7. The improved tolerance to cracking leads to the observed near-perfect half-penny crack 

beneath the indentation impression, where the LEM model provides a more accurate 

indentation fracture toughness estimation. 

8. The cracking (both surface and subsurface) in pure boron carbide and B/Si co-doped 

boron carbide is more severe compared with that of B-doped boron carbide. However, the 

exact mechanisms governing the similarities and differences in the cracking behavior are 

not known, which deserves mechanistic modeling effort from our collaborators. 

5.2 Future Work 

To better understand the nanomechanical responses in boron carbide, especially the 

cracking behavior, two levels of future work are proposed.  

The first level would be completing what have been left due to the COVID-19 pandemic. 

Once the university re-opens, another round of serial FIB cross-sectioning will be conducted to 

confirm the repeatability of the observed cracking behaviors in this thesis. Also, nanoindentation 

tests will be performed again on the B-doped boron carbide to analyze the first pop-in events. 

Lastly, to maintain consistency in SEM imaging, the Immersion Mode on the FEI Helios will be 

applied to the latter works for better revealing the surface features.  
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The next level of the future work would be the verification of whether the first pop-in 

events in these materials are indeed associated with the amorphization. This is because the 

sudden burst in the loading curve may also be attributed to a rapid crack opening. This would 

require a systematical analysis of the low-load nanoindentation combined with serial-sectioning 

microscopy and TEM imaging. Armed with this knowledge, a more complete explanation for the 

nanomechanical responses of boron carbide could be established. 
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