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Boron carbide is a superhard ceramic that has attracted considerable research
attention for decades. However, hard ceramics are generally considered brittle due to the
lack of energy dissipation mechanisms, such as dislocation slip, deformation twinning, and
micro-cracking, to accommodate irreversible deformation. The highly covalent nature of
boron carbide and the low symmetry in its crystal structure imply that localized dislocation
movement is difficult. In fact, despite numerous transmission electron microscopy (TEM)
studies, localized dislocation movement has never been identified. The lack of plasticity
hinders the widespread use of boron carbide in common engineering applications that
demand a level of compliance in materials. Boron carbide also suffers from stress-induced
amorphization that has a deleterious effect on its mechanical properties. Amorphization
occurs when the consolidated boron carbide experiences pressure exceeding its strength,
leading to the formation of nano-scale amorphous bands inside the crystalline matrix. The

network of amorphous bands acts as a “path of least resistance” for crack growth leading



to catastrophic failure. This thesis focuses on resolving the two prevailing issues of boron
carbide (brittleness and susceptibility to stress-induced amorphization) and proposes a
design strategy for fabricating the next-generation boron carbide with enhanced toughness
and resistance to amorphization.

In this thesis, dislocation mediated plasticity was enabled in boron carbide by
tuning its bond characteristics by adding Al to its crystal structure. The addition of Al-B
and Al-C bonds increased the propensity of ionic bonds and allowed inter-icosahedra
(planar) glide to occur. The toughness of boron carbide could be further increased by
making eutectic composite with ZrB, and particulate composite with TiB2. The tougher
diborides provided a means to blunt crack tips and accumulated residual stress at the phase
boundaries. The presence of residual stress deflected the crack path and preferentially
guided the crack to travel between the phase boundaries.

Stress-induced amorphization was resolved through Si/B co-doping. Si/B co-doped
boron carbide was synthesized in various ways (arc melting, diffusion couple, and reaction
hot-pressing) and characterized to understand the role of Si in reducing amorphization. We
found that as little as 1 at.% addition of Si substantially suppressed amorphization when
compared to B-doping alone. Our TEM study comparing the single crystal undoped and
Si/B co-doped boron carbide revealed a dramatic change in deformation behavior. Instead
of forming long distinct parallel amorphous shear bands, Si/B co-doped boron carbide
manifested short and diffusion micro cracks. The mechanism implies that the involvement
of Si facilitates local fragmentation as opposed to large-scale amorphization and

microcracks.



Lastly, a composite comprised of Si/B co-doping and 10 wt% TiB> reinforcement
was synthesized. Compared to Si/B co-doped boron carbide, the composite showed an
improvement in toughness (10%), hardness (6%), strength (21%), and smaller grain size
while minimizing a density increase (4%). Our composite has similar overall mechanical
properties to a commercial boron carbide tiles while having 6% higher in elastic modulus

and 44% higher in amorphization resistance.
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CHAPTER 1

Introduction

From the first weapons carved from stones and bones to the colorful sculptures and
pottery handcrafted from clays, ceramics has been an integral part of our society. Today,
much of the research in ceramics has shifted its focus to advanced ceramics, a term used to
describe ceramics with exceptional electrical, thermal, physical, and mechanical
properties. Boron carbide (B4C), in particular, has been the subject of intense studies due
to its excellent chemical resistance, high Seebeck coefficient, high neutron abortion, and
superior physical and mechanical properties [1, 2]. For these reasons, boron carbide is
widely used in engineering applications such as grinding tools, water jet nozzles, radiation

shields, thermoelectric generators, and most notably protection armor plates [3, 4].

Like all ceramics, boron carbide suffers from brittleness due to a lack of large-scale
plasticity. Ceramics can often experience localized dislocation movements under small
contact loading, such as nano-indentation, but dislocation movements across a large area
do not occur at room temperature [5-8]. It is a mystery why boron carbide, in particular,
does not display any sign of dislocation movement even at a small scale [9-11], even though
other boron rich icosahedral materials do, i.e. boron suboxide [12] and boron phosphide
[13]. The treatments to improve the toughness of boron carbide largely involve in
reinforcing the microstructure with tougher ceramics or metals [14-20]. While the

composites improve the toughness and change the crack propagating behaviors of boron



carbide, it also diminishes the hardness and adds weight. Strategies that directly address

the lack of dislocation and dislocation movement have not been considered.

Boron carbide is also known to experience a sudden loss of strength and toughness
due to an anomalous event also known as stress-induced amorphization when subjected to
high-pressure events [10, 11, 21]. Amorphization has been described as the inhomogeneous
loss of crystalline order in localized zones scattered within a crystalline volume, forming
nano-scale bands with large aspect ratios. Experimentally, amorphization has been
observed plate-impact tests, uniaxial diamond anvil cell compression, mechanical
scratching, and indentation experiments [11, 22-25]. Although foreign atom doping (B and
Si) has been proposed as a strategy to suppress amorphization, the extent of amorphization
reduction, mechanical properties, and the deformation behaviors of doped boron carbide

have not been studied [25].

Intrinsic brittleness and susceptibility to stress-induced amorphization have
hindered the widespread use of boron carbide. Resolving both issues has become a priority
in the research communities in designing the next-generation boron carbide. This thesis
focuses on tackling the brittleness of boron carbide directly by enabling room temperature
dislocation movement and secondary phase reinforcement. The thesis also delivers a
comprehensive understanding of mitigation of amorphization via Si/B co-doping. Finally,
the thesis proposes a design strategy for fabricating next-generation boron carbide with

enhanced toughness and amorphization mitigation.
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Goal and objectives

Boron carbide is limited by its intrinsic brittleness and susceptibility to stress-
induced amorphization. The goal of this thesis is to address both limitations and propose a
path for designing boron carbide ceramics with enhanced toughness and resistance to

stress-induced amorphization. In doing so, 6 objectives are established:

1. Promote room temperature dislocation movement in boron carbide
2. Increase the toughness of boron carbide by secondary reinforcement (ZrB, and TiB>)

3. Mitigate pressure-induced amorphization in boron carbide by foreign atom doping (B

and Si)
4. Understand the deformation behaviors of undoped and Si/B co-doped boron carbide
5. Investigate and isolate the effect of Si-doping from B-doping

6. Propose a materials design strategy for next-generation boron carbide with enhanced

toughness and resistance to stress-induced amorphization



Summary of contents

In this thesis, chapters 3, 4, 5, 6, and 8 are represented by 5 published articles.
Chapter 2 contains a manuscript that is ready to be submitted to a peer-reviewed journal.
Chapter 7 encompasses unpublished data that will be prepared into a manuscript for future

submission.

Chapters 2, 3, and 4 focus on addressing the brittleness of boron carbide, while
chapters 5, 6, and 7 cover the mitigation and understating of stress-induced amorphization
via foreign atom doping. Chapter 8 proposes a design strategy for next-generation boron
carbide ceramic with enhanced toughness and resistance to amorphization. Chapter 9
summarizes major findings and provides perspectives gained from the thesis. Lastly,
chapter 10 paves the way for possible future work that arises from the limitation of this

work. A summary of each chapter is as follows:

Addressing the brittleness of boron carbide (objective 1 and 2):

Chapter 2: It has been a long-standing mystery that boron carbide (B4C) does not
appear to experience any sign of localized plasticity at room temperature despite numerous
transmission electron microscopy (TEM) studies that have been conducted on its
deformation behaviors. The lack of dislocation movement is a result of strong covalent
bonds between B and C atom. For the first time, we found that the dislocation movement
can be enabled when Al was introduced to the crystal structure of boron carbide. The

presence of Al-C bonds increases the overall ionic bond characteristic which in term lowers



the lattice friction. This profound result indicates that deformation behaviors of ceramics

can be tuned through atomic doping.

Chapter 3: Eutectic composites possess highly textured microstructure and
mechanical properties that often surpass their constituents. Here, B4C-ZrB, eutectic
composite was prepared through arc melting; and its hardness and toughness were
characterized and related to the microstructure. We found that the tougher ZrB. and the
residual stress at the phase boundaries guided the crack propagation direction. As a result,
the B4C-ZrB> eutectic composite showed a substantial increase in indentation toughness

compared to monolithic boron carbide ceramic.

Chapter 4: B4C-TiB. composite was prepared through magnetron sputtering and
reaction hot pressing. This processing method showed more uniformly dispersed fine TiB:
gains compared to conventional (powder mixed) prepared composite. As low as 2.3 wt%
TiB> addition resulted in a 15% improvement in indentation toughness while resulting in
less than 2% increase in density. The improvement can be attributed to the combination of

crack impeding by TiB; grains and crack deflection at the B4C-TiB: interfaces.

Enhancing and understanding amorphization resistance of boron carbide (objective 3, 4,

and 5):

Chapter 5: Boron carbide undergoes stress-induced amorphization when subjected
to large non-hydrostatic stresses that exceed its elastic limit. This has been proposed as the
source for the abrupt loss of shear strength in boron carbide which limits its engineering

applications. Si/B co-doping was suggested as one of the means to suppress stress-induced



amorphization but this has not been experimentally verified. By utilizing arc melting, we
prepared Si/B co-doped boron carbide with increased Si content as compared to
conventional methods. Through Raman analysis in conjunction with an indention and
elemental analyses based on SEM and STEM ({-factor microanalysis), it is suggested that

Si/B co-doping is a promising avenue for suppressing stress-induced amorphization.

Chapter 6: Although Si/B co-doping has been shown to suppress stress-induced
amorphization, its deformation behavior is not well understood. In this chapter, a well-
controlled study was carried out to directly compare the deformation behaviors of Si/B co-
doped boron carbide. Here, we report that a small amount of Si doping (~1 atomic %) leads
to a substantial decrease in stress-induced amorphization due to a noticeable change of the
deformation mechanisms in boron carbide. In the undoped boron carbide, the Berkovich
indentation—induced quasi-plasticity is dominated by amorphization and microcracking
along the amorphous shear bands. This mechanism resulted in long, distinct, and single-
variant shear faults. In contrast, substantial fragmentation with limited amorphization was
activated in the Si/B co-doped boron carbide, and manifested by the short, diffuse, and
multivariant shear faults. Microcracking via fragmentation competed with and
subsequently mitigated amorphization. This work highlights the important roles that solute
atoms play on the structural stability of boron carbide and opens up new avenues to tune

deformation mechanisms of ceramics via doping.



Chapter 7: Recently, B-doped boron carbide has also demonstrated an impressive
resistance to amorphization. The B-C-Si solid solution complicates an accurate assignment
of reduction of amorphization to purely Si-doping. To investigate and isolate the effect of
B-doping from Si-doping, a B-B4C and a SiBs-B4C diffusion couples were prepared. B and
Si/B diffused into the B4C side to form a chemistry gradient. Amorphization information
across both diffusion zones was compared to boron carbide with an identical B/C ratio, but
different in Si content. We found that an increase in B content correlated with an increase
in the reduction of amorphization. More importantly, the involvement of Si, at the same
B/C ratio, substantially suppressed amorphization. This study decoupled the effectiveness

of the amorphization reduction of B from Si.

Boron carbide with enhanced toughness and amorphization resistance (objective 6):

Chapter 8: The overall mechanical properties of Si/B co-doped boron carbide is
unknown. A preliminary assessment indicates that a reduction in hardness and strength is
likely to occur due to weakening in the atomic bond strength by atomic doping. Here, we
delivered a comprehensive report on the mechanical properties of Si/B co-doped boron
carbide; and proposed an effective strategy to improve the mechanical properties through
TiB2 reinforcement. Vickers hardness of 25.0 GPa, an indentation toughness of 2.1
MPa-m®°, Young’s modulus of 430 GPa, and flexural strength of 338 MPa were measured
for Si/B co-doped boron carbide. The reinforcement with TiB. increased the overall
mechanical properties to 26.6 GPa for hardness, 2.3 MPa-m®® for indentation toughness,

and 410 MPa and flexural strength.
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Abstract

Dislocation slip, deformation twinning, phase transformation, and cracking are the
energy dissipation mechanisms to accommodate irreversible deformation in materials. The
absence of dislocation movement has been attributed to the ease of cracking and the low
damage tolerance observed in boron carbide. Here, we demonstrated that dislocation slip
was enabled in boron carbide by Al doping. The activation of dislocation slip is explained
by quantum mechanics simulation, which suggests strain energy is released through
icosahedral slip facilitated by inter-icosahedral and chain bond breaking and reconfiguring.
The new insight obtained from this work indicates atomic doping could be an effective
strategy to tune deformation mechanisms in boron carbide, which provides a significant
potential for limiting amorphization and crack propagation in boron carbide and opens a

new way to engineer enhanced damage tolerance in brittle ceramics.

Keyword: Boron carbide; Dislocation; Doping; Transmission electron microscopy;

Molecular dynamic simulation
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Introduction

Superhard crystalline solids such as boron carbide, boron suboxide, cubic boron nitride,
and diamond are characterized by remarkable hardness (>40 GPa) owing to their strong
covalent bonding [1-4]. Among all superhard materials, boron carbide is most widely used
in structural engineering applications (e.g. grinding tools, wear-resistance parts, neutron-
absorbing shields, thermal electric components, ceramic armor [5-10]) for its commercial
availability and low density (2.52 g/cm?3). Boron carbide is composed of buckyball-like 12-
atom icosahedra located at the vertices of a rhombohedral structure [11-13]. The structure
is complete by a 3-atom linear chain across the longest body diagonal in the [111]:
direction. For example, boron carbide can have either B11C (11 B and 1 C atoms for C-rich

B4C) or B12 (12 B atoms for B-rich B13C>) icosahedra, and a C-B-C 3-atom linear chain
[5].

The supreme hardness comes at a price, however, as the covalent bonding limits the
relaxation of the crystal lattice upon straining, which leads to brittle fracture rather than
deforming plastically. The strong covalent bonding between B-B and B-C atoms in boron
carbide implies that plastic deformation is difficult at room temperature. The assertion is
confirmed by transmission electron (TEM) studies where no evidence of dislocation or
deformation twinning has been observed in boron carbide ceramics mechanically deformed
at room temperature [14-18]. Under the typical loading regime, boron carbide fails through
brittle fracture initiated when the applied stress exceeds the accumulative stress at the crack
tip. At non-hydrostatic loading pressures with a high shear stress component (i.e. ballistic
impacts above 850-900 m/s, diamond anvil compression tests, and indentation

experiments), carbide notoriously fails through stress-induced amorphization [1, 15, 19,



13

20]. The high shear stresses trigger the collapse of icosahedra, leading to the formation of
a network of nano-scale amorphous bands. The deleterious loss in shear strength of boron
carbide subjected to pressures above its elastic limit (18-20 GPa) is attributed to the

prevalence in crack nucleation and propagation inside the amorphous bands [21-23].

Substantial effort has been devoted to overcoming the susceptibility to fracture by
making ceramic composites with reinforcement particles (e.g. SiC, TiB2, ZrB2, or HfB:
[24-27]). The toughening strategy relies on slowing the crack traveling speed and altering
the crack propagating behavior by introducing tougher components in the microstructure.
However, the intrinsic brittleness of boron carbide due to the lack of energy dissipating
mechanisms limits the composite toughening approach. Recently, B-enrichment and Si-
doping have shown to mitigate stress-induced amorphization by as much as 30-31% when
compared to undoped boron carbide [16, 28]. A combined strategy consists of particulate
reinforcement and atomic doping has also been proposed [29]. We hypothesize that if an
additional deformation mechanism exists, such as dislocation slip, then it could competing
with the progression of brittle fracture and amorphization by consuming part of the

deformation energy.

In this study, we report that doping boron carbide with Al could lead to dislocation
activities. The dislocation movement competed with the other deformation mechanisms of
boron carbide (brittle fracture and amorphization), resulted in localized micro-cracking and
less amorphization. The rationale based on density functional theory (DFT) simulations
suggested that the Al-doped structure can withstand large shear strain without the
destruction of icosahedra and part of the strain energy is dissipated through icosahedral

slip.
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Materials and methods

Materials processing

A total of 10 g of boron carbide (Grade HD20, H.C. Starck), amorphous boron (Grade
I, H.C. Starck), and aluminum (Alfa Aesar) powders were mixed according to B:C:Al
atomic ratio of 82.33:12.67:5. The powder mixture was cold-pressed without a binder
additive using a 25 mm g steel die sets. The pellet was placed on a water-cooled Cu hearth
inside an arc melting furnace (Arc 200, Arcast). The chamber was purged several times
with 99.999% purity argon gas before melting using an electric arc discharged from a W
electrode at 500 Amp. The melt was cooled to room temperature, flipped, and remelted for
a total of 5 times to ensure homogenous mixing. The ingot was manually crushed into fine
powders using a steel mortar and pestle set and subsequently washed with HCI then rinsed
with methanol to remove the Fe contamination. The powders were dried in Ar flow at 120
°C for 12 hours. Subsequently, 4 g of the dried powders were loaded into a 20 mm g
graphite die with BN covered interior and consolidated using Spark Plasma Sintering (SPS,
10-3, Thermal Technology LLC) apparatus to 1950 °C for 5 mins at 50 MPa. The heating
rates were 150 °C/min from room temperature to 600 °C and 300 °C/min to sintering
temperature. The sintered specimens were sandblasted and surface ground to remove
graphite contamination on the surfaces, and finally, sectioned using a diamond wheel and
polished down to 0.25 pm using diamond suspensions for further characterization.
Undoped boron carbide was prepared following the identical melting, crushing, sintering,

and polishing procedures.
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Bulk microstructure characterization

Polished specimens were characterized using a field emission scanning electron
microscope (FE-SEM; SIGMA Zeiss) equipped with an energy-dispersive X-ray
spectroscopy detector (EDS; Oxford Instruments). Elemental distribution was revealed
using SEM-based EDS spectral imaging. Phase identification and lattice parameters of the
consolidated specimens were determined using X-ray diffraction upon crushing the
sintered specimens into fine powders using a steel mortar and treated with HCI to remove
Fe contamination. Powder diffraction was conducted using an X’Pert Pro diffractometer
(PANalytical) with Cu Ka radiation (A = 1.5406 A). The peak positions were corrected
using a silicon standard (SRM 640e, NIST). Phase identification and lattice parameter
determination via Rietveld refinement were carried out using JADE software (Jade 9,
Materials Data). Raman spectroscopy was used to detect the chemical change as a result of
Al-doping. Raman analysis was carried out using an Invia Reflex (Renishaw) microscope

equipped with a 532 nm (2.33 eV) laser.

Indentation and assessment of deformation behavior

Small-scale contact loading via Berkovich indentation (100 mN, NanoTest Vantage,
Micro Materials Ltd.) was used to deform Al-doped and undoped boron carbide at room
temperature. Thin foils for scanning transmission electron microscopy (STEM) were
prepared by cross-sectioning the Berkovich indents in order to capture the deformation
zone beneath the surface using the in-situ lift-out out method with a focused ion beam (FIB,
FEI SCIOS). High-resolution STEM imaging and EDS were completed on an aberration-
corrected instrument (JEOL ARM-200CF). Chemical analysis was conducted by applying

(-factor microanalysis which is a TEM-based EDS approach that simultaneously
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determined specimen thickness and composition, thus enabling X-ray absorption
corrections [30]. {-factor microanalysis has been successfully utilized to obtain elemental

composition accurately for boron carbide solid solutions [28, 31, 32].

Amorphization analysis using Raman spectroscopy

Vickers indentation was conducted to activate stress-induced amorphization. The
indents were placed using an automatic hardness tester (VH3300, Wilson) at 4.9 N load
with a hold time of 10 s. Raman spectroscopy is an established technique to evaluate
amorphization in boron carbide as a result of mechanical stress [18, 28, 33-35]. Raman
mapping (532 nm, 2.33 eV) was carried out around the indents with a step size of 0.5 um.
A total of 5 indents were completed for each bulk sample and the intensity of the 1810 cm”
L amorphous peak amongst an array of 2D Raman spectra was integrated and visualized to

create amorphization color maps.

Computational analysis

All density functional theory (DFT) calculations were performed based on the plane-
wave basis set and the generalized gradient approximation (GGA) type Perdew—Burke-
Ernzerhof (PBE) exchange-correlation functional implemented in Vienna ab initio
simulation package (VASP) [36-39]. The pseudopotentials of B, C, and Al were generated
using the projector augmented wave (PAW) method with 2s°2pt, 2s22p? and 3s23p* treated
as valence electrons, respectively [39]. The plane wave cutoff, the energy convergence for
the electronic self-consistent field (SCF), and the force convergent criterion were set to 450
eV, 107 eV, and 102 eV/A, respectively, in all simulations. A T'-centered k-point mesh

method was used for Brillouin zone integration with a fine mesh density above 2r x 1/40

A
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For the shear deformation of Al-doped B-C systems, 2 x 2 X 2 supercells were
constructed with ~120 atoms for three plausible configurations and then shear them in the
(001)[100] slip system which is the most plausible slip system for boron carbide within 11
possible slip systems [22]. A 3-index rhombohedral plane and direction were used to
represent the plausible slip system. The ideal shear deformation was applied by
constraining shear strain along (001)[100] slip while relaxing the stress in the other five
strain components [40]. A less dense 2 % 2 x 2 K-point grid mesh in the Brillouin zone was
employed in the shear deformation. The residual stresses were less than 0.5 GPa in the

constrained structure relaxation.
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Results and discussion

Confirmation of Al-doping

The doping of Al into the boron carbide lattice (solid-solution) is confirmed using three
independent techniques, X-ray diffraction (XRD), Raman spectroscopy, and Energy-
dispersive spectroscopy (EDS) (Fig. 1). XRD shows that both Al-doped and undoped
samples exhibit the characteristic rhombohedral structure of boron carbide (Fig. 1A). A
closer look at the (021) reflection reveals a downshift in the peak position for the Al-doped
sample, suggesting a large lattice due to Al-doping [41, 42]. We obtained hexagonal lattice
constant of a = 5.64 A and ¢ = 12.33 A for Al-doped boron carbide compared to a = 5.60
and ¢ = 12.07 for the undoped material. The anisotropic expansion in the ¢ parameter
suggests modification occurred in the 3-atom chain, which also lies in the c-axis. Small
amounts of C and WB: were found in both samples and the sources can be attributed to the

free C in the as-received powders and W from the electrode, respectively.

A typical Raman spectrum (shown in Fig. 1B) of the undoped boron carbide has a
series of features from 530 to 1090 cm™ originating from inter- and intra-icosahedra bonds
and a sharp peak at 478 cm™ attributing to the vibration modes from the 3-atom chain [14,
43]. The Al-doped boron carbide also shares similar characteristics from 478-1090 cm*
suggesting the overall structural symmetry in unchanged, i.e. the structure remains
rhombohedral. A closer inspection reveals subtle modifications have been made due to Al-
doping. A noticeable downshift in the high wavenumber regime (729-1090 cm™) in the Al-
doped boron carbide indicates icosahedra are enlarged due to B-enrichment [44-46]. A
slight reduction in the 478 peak intensity with respect to the 1090 cm™ peak suggests Al-

doping weakens the chain structure. Moreover, the 265/322 cm™ doublet, associated with



19

disorder-induced phonon [5], is absent in the Al-doped boron carbide. Instead, a new 189
cm™ peak was identified. To the best of our knowledge, this peak is reported for the first
time for Al-doped boron carbide. Because of the similarity in the peak position with
disorder-induced phonon peaks in Si-doped boron carbide [28], we conjecture that the 189
cm™ peak is also related to lattice defects created by the 3-atom chain modification. Taking
into account the XRD and Raman results, we propose that Al-doping primarily modifies

the 3-atom chain while the overall structure symmetry remains unchanged.

The distribution of Al in the overall microstructure was determined using scanning
electron microscopy (SEM) based energy-dispersive spectroscopy (EDS), shown in Fig.
1C. Overall, Al is reasonably homogenous with a sparse secondary phase of WB> was
detected. (A complete EDS data is presented in Fig. S1). A more accurate chemical analysis
was carried out using -factor microanalysis through STEM-EDS. It was determined that
the compositions of the Al-doped and undoped boron carbides are Al =0.6, B =84.8, C =
14.6 at.% and B = 80.5, C = 19.5 at.%, respectively. The STEM-EDS spectrum for the Al-
doped sample depicts an Al peak (1.49 KeV), shown in Fig. 1D. As a means to validate the
STEM-EDS based analysis, the elemental concentrations versus sample thickness is shown
in Fig. S2. Here the atomic concentrations are independent of sample thickness, thereby
indicating that the measurements are properly calibrated and accurate. Particularly of note,
the measured Al content in the Al-doped sample is substantially lower than the nominal
values of 5 at.% which was the initial doping concentration. It’s plausible that the intense

heat (>3000 °C) from the arc evaporated Al during arc melting.
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Experimental observation of deformation behavior

The preliminary deformation behavior assessment is conducted using Raman
spectroscopy inside of Vickers indentation. The sharp tip from the indenter imposes large
stresses that can trigger stress-induced amorphization in boron carbide ceramics [14, 18,
28, 35]. A typical Raman spectrum acquired from the pristine surface and inside the
residual indent for undoped and Al-doped boron carbide is displayed in Fig. 2A and 2B,
respectively. Three new Raman features associated with amorphous boron carbide at 1320,
1520, and 1810 cm™ are identified inside the residual indent, superimposing the low
wavenumber Raman bands attributed to the crystalline phase [1, 34]. Raman point analysis

reveals that the intensity of amorphous peaks is smaller for Al-doped boron carbide.

To further understand the extent of amorphization inside the entire residual indent, 2D
Raman mapping was performed. Only the 1810 cm™ peak intensity was used to construct
the amorphization intensity heat map to avoid competing Raman signals from C, which
exists in our samples. An averaged amorphization heat map for undoped and Al-doped
boron carbide overlaying the optical image of the Vickers indentation is illustrated in Fig.
2C and 2D. A quick inspection reveals amorphization is contained entirely inside the
residual indent. The highest amorphization intensity is located at the center of the residual
indent where it experiences the highest pressure. By integrating the number of pixels
containing amorphization intensity, we obtained 501 versus 399 pixels for undoped and
Al-doped boron carbide, respectively, or a reduction of ~20% in the amorphous area. The
difference in the amorphous area can be better understood by comparing their
amorphization intensity population in a histogram, as shown in Fig. 2E. The intensity

population of Al-doped boron carbide skews highly towards the lower amorphization
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intensity compared to the undoped counterpart, suggesting Al-doping is effective at
suppressing highly amorphized regions. We further quantify the total amorphization
intensity by summing the normalized intensity of each pixel and obtained a reduction of
44% in the Al-doped boron carbide. This suggests at the same stress level, other energy
dissipating mechanisms (dislocation slip, deformation twinning, and micro-cracking) may

occur during deformation, competing with the process of stress-induced amorphization.

To investigate if other energy dissipating mechanisms are activated during indention,
the cross-sectional TEM foil of undoped and Al-doped boron carbide were extracted from
the Berkovich nanoindentation. Fig 2A and 2C depict low angle annular dark-field
(LAADF) micrographs of deformed zones directly under Berkovick indents. The imprint
of the indenter is marked by a grey dashed triangle. The difference in the size of the imprint
is caused by the sectioning the indents slightly off-center, therefore the size of the
deformation zones cannot be compared directly. Here, we compare the difference in the
deformation features. The diffused and increased diffraction intensity presented in the
LAADF micrographs directly under the indent is caused by indentation-induced strain and
therefore represents the damaged materials surrounded by the pristine material in the
relatively smooth, grey regions. Long and distinct line features (marked by arrows in Figs.
3A and 3B) can be readily observed in the undoped boron carbide. Amorphous shear bands
or cracks evolved from the shear bands have been reported to exist in specific
crystallographic planes, which manifest in long and near parallel lines [15, 16]. High-
resolution STEM confirms numerous amorphous bands and amorphization-driven cracks
were inside the near-parallel line features in undoped boron carbide, shown in Fig. S6 of

SI. On the other hand, the deformed features in the Al-doped boron carbide are difficult to



22

discern (Fig. 3C). A closer inspection of the deformed regions reveals that Al-doped
material exhibits localized, multi-directional micro-cracking (marked by arrows in Fig.
2D). These fractures are unlikely related to amorphization because they do not follow
specific crystallographic planes. Furthermore, High-resolution STEM did not find
evidence of amorphous shear bands inside the micro-cracks. These observations suggest
Al-doping activates a new energy dissipation mechanism, such as micro-cracking, similar
to what is found in the B-rich and Si-doped boron carbide [16, 18]. (The corresponding
bright-field (BF) and high angle annular dark-field (HAADF) images of Fig. 3 can be found
in Fig. S3 and S4. Additional supporting high-resolution TEM images of deformation

behavior and amorphous shear bands can be found in Fig. S5)

The most significant discovery regarding plastic deformation in the Al-doped boron
carbide was made in the vicinity of cracks. Fig. 4 displays LAADS images showing
multiple dislocations emanating from cracks for two different TEM specimens of indented
Al-doped boron carbide. (The corresponding BF and HAADF images of Fig. 4 can be
found in Fig. S7). It is interesting to note many dislocations within the same group are
approximately parallel to each other (e.g. dislocation labeled 1-3 in Fig. 4B and 1-5 in Fig.
2D). This observation suggests that they are from the same dislocation source and glide in
the same plane. The stress concertation (likely caused by cracking) triggers the operation
of a dislocation source, from which the dislocations are able to multiply. Groups of near-
parallel dislocation also suggest that the dislocations are mobile, which the motion could
dissipate deformation energy during the room temperature indentation. The dislocation
activities are not observed in the deformed undoped boron carbide in the study, which is

consistent with the previous reports [14-18]. In fact, to the best of our knowledge,
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dislocation movement has not been reported for undoped, B-rich, or Si-doped boron
carbide mechanically deformed at room temperature. On the contrary, in this study, we
found Al-doping (as little as 0.6 at.% Al) dramatically altered the deformation behavior of
boron carbide by activating dislocation movement in addition to amorphization and micro-

cracking.

Explanation of dislocation movement

To uncover possible mechanisms of dislocation movement, we constructed the stable
configurations of Al-doped boron carbide and applied shear deformation to the structures.
We used DFT simulations to down select all the possible proposed Al-doped boron carbide
structures (Fig. S8-S10 in SlI). We found that only three configurations, namely (B12) C-
Al-C, (B12) B-AI-C, and (B11C) C-AI-C kinked chains, are plausible because of their
negative formation energies, which are -1.28, -0.816, and -0.236 eV, respectively.
(Formation energies for other stable structures are listed in Table S1 in SlI). Because of its
lowest formation energy, the experimentally observed Al-doped system likely contains

mostly (B12) C-Al-C kinked chain while other stable structures could coexist.

The most possible slip system of boron carbide structure is (001),/[001] according to a
previous theoretical study [22]. We applied the ideal shear deformation on Al-doped
structures to this slip system and compare the findings to both undoped ((B11C) C-B-C)
[47] and B-rich ((B12) C-B-C) [48] boron carbide, as shown in Fig. 5A. The ideal shear
strengths of (B12) C-Al-C, (B12) B-Al-C, and (B11C) C-Al-C are 25.3, 24.9, and 28.7 GPa,
respectively, which are lower than that of undoped (39.0 GPa) and B-rich boron carbide
(45.8 GPa). A decrease in ideal shear strength suggests that it is easier to shear the Al-

doped structures than undoped or B-rich boron carbide. Complementary indentation
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analysis also measured a lower Vickers hardness of 28.1 = 1.2 GPa for Al-doped boron

carbide compared to 30.0 + 0.7 GPa for undoped boron carbide.

To elucidate the atomistic details responsible for the dislocation movement, we
investigated the deformation failure mechanism of the most probable Al-doped
configuration, i.e. (B12) C-Al-C kinked chain. Fig. 5B displays the intact (B12) C-Al-C
kinked chain structure under no strain. As shear strain increases to 0.136 (Fig. 5C), the
bonds connecting two adjacent icosahedra from different shear planes are broken (black
circle) creating an opening. The Al atom in the chain is pushed and kinked towards the
opening (black arrow). The destruction of the inter-icosahedra bonds slightly decreases the
shear stress, from 21.9 GPa to 21.2 GPa. As the strain increases to 0.263 (Fig. 5D), the Al
atom is free from the original C-Al-C chain and enters the opening created by the missing
inter-icosahedra bonds. The breaking of the C-Al-C chain significantly releases the shear
stress from the maximum of 25.3 GPa to 2.1 GPa. After the structure relaxes, the further
increase in strain is accompanied by an increase in shear stress to 11.4 GPa. At 0.364 strain
(Fig. SE), a new C-Al-C chain in the opening and inter-icosahedra bonds are restored,
resulting in a plane of misplaced icosahedra. (Step by step atomistic details of the failure
process can found in Fig. S11 in SI). This is in contrast with the ideal deformation behaviors
of undoped and B-rich boron carbide, which show structural (icosahedra) failure leading
to the formation of an amorphous shear band [22, 48]. We further investigated the ideal
shear deformation of (B12) B-Al-C; and it also demonstrates the ability to withstand large
strain by icosahedral planar slip (Fig. S12). Oppositely, (B11C) C-Al-C did not show
structural recovery during the shear deformation suggesting B11C is more susceptible to

disintegration than Bi. icosahedra, as shown in Fig. S13. Considering that (B1:C) C-Al-C
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is the least probable configuration of the three stable Al-doped structure, its deformation
behavior does not undermine the overall deformation behavior (icosahedral slip) of Al-
doped boron carbide. The deformation mechanism proposed by DFT simulation suggests
the modification of the chain chemistry and structure allows boron carbide to enable

dislocation slip through icosahedral glide without the destruction of the icosahedra.

The changes in the bond length, strength, and characteristics due to Al-doping could
explain its ability to promote icosahedral slip. The DFT simulation suggests that the
breaking of inter-icosahedra bond and the migration of the free Al atom are the main
mechanisms leading to the icosahedral slip. Al-doped boron carbide has the longest inter-
icosahedra B-B bond when compared to other boron carbide systems. (The bonding
information regarding B-rich and Si-doped boron carbide are obtained from where else [41,
49, 50], shown in Fig. 6). The elongated inter-icosahedra bond weakens the bond strength
and triggers the failure process as shown in Fig. 5B. This is in contrast with theoretical and
experimental observations of undoped boron carbide where the intra-icosahedra bonds
break first [22, 23]. Perhaps the biggest difference among the boron carbide systems is in
the intra-chain bonding strength. Al-doped boron carbide has a significantly longer, thus
weaker, chain bond when compared to other boron carbide systems. Since the migration of
the free Al atom is necessary to promote icosahedral glide, it is reasonable to assume the
weakening of the 3-atom chain due to Al doping contributes significantly to the dislocation
movement. Lastly, the change in the bond characteristics in the chain structure also plays
a role in facilitating the icosahedral slip. The replacement of B-C bonds with Al-C bonds
in the chain structure increases the ionic bonding characteristic which can lower the Peierls

stress (lattice fracture), making dislocation movement more favorable. Ceramic systems
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posse ionic bonding, such as SiC, MgO, and Al.O3 [51, 52], have been reported to
accommodate permanent deformation through dislocation slip. The combined effects of
weakening in the inter-icosahedra and intra-chain bonds and decrease in the lattice friction

due to Al-doping contribute to the dislocation movement in boron carbide.

Deformation mechanisms in boron carbide solid-solution systems

Using our experimental observation, computational results, and literature data, we
constructed a schematic that depicts the energy dissipation mechanisms as a function of
inter-icosahedral and intra-chain bonds (Fig. 6). The undoped boron carbide deforms
through brittle fracture under normal conditions and experiences accelerated fragmentation
through stress-induced amorphization when subjected to high energy deformations [15].
Recent reports found that B-enriched and Si-doped boron carbide can exhibit micro-
cracking to dissipate strain energy, leading to a reduction in amorphization by 30-31% [16,
28]. In the current work, we discovered Al-doping mitigates amorphization by 44%, and
the enhanced reduction is attributed to a combination of energy dissipation mechanism,
notably dislocation movement and micro-cracking. This is in contrast with metal systems
(e.g. Mg [53]) where the presence of solute atoms strengthens the materials by hindering
the movement of dislocations. The effect of solute in ceramic systems is complicated and
not well understood, and would require more research attention. In this specific case, the
presence of solute atom (Al in boron carbide) promotes dislocation. Our results suggest
doping in ceramics systems can promote dislocation activities and the design strategy can

be applied to other brittle ceramic systems.
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Conclusion

We discovered the modification of the chain structure of boron carbide through Al-
doping promotes mobile dislocations that emanate from the crack tips during room
temperature indentation. The mechanisms provided by the DFT simulations suggest large
strain is released through icosahedral slip, which is facilitated by inter-icosahedral and
chain bond breaking and Al atom migration. High-resolution TEM revealed Al-doped
boron carbide exhibits localized, multi-directional micro-cracking compared to the long,
near-parallel shear bands in the undoped boron carbide. The energy released during the
icosahedral slip and micro-cracking consume strain energy and compete with the
progression of amorphization. Complementary Raman analysis confirmed a 44% reduction
in amorphization in the Al-doped boron carbide. These findings suggest the deformation
behaviors of boron carbide can be controlled through structural modification via atomic
doping. The insight gained from this work paves a roadway for engineering damage-

tolerant brittle ceramics.
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Fig. 1. (A) X-ray diffraction patterns of Al-doped and undoped boron carbide. The enlarge
region from 2 thetas 36.5-38.5 depicts the (021) peak position shift due to Al-doping. (B)
Raman spectra of Al-doped and undoped boron carbide. A reduction in the 478 cm™ peak
intensity is associated with the modification of the 3-atom chain due to Al-doping. The
new peak at 187 cm™ is related to an increase in the lattice defects as a result of chain
modification. (C) Depicts scanning electron micrograph and distribution of Al k-a acquired
using Energy-dispersive spectroscopy (EDS). (D) STEM-EDS spectra show the Al peak in

the Al-doped sample.
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Fig. 2. Raman spectra acquired from the pristine and indented boron carbide of (A)
undoped and (B) Al-doped boron carbide. Amorphization intensity heat map of (C)
undoped and (D) Al-doped boron carbide. The integrated pixel intensity shows a reduction
of 44% in the total amorphization intensity due to Al-doping. Each pixel is 0.5 x 0.5 um
and each map is 20 x 20 um. The heat map was constructed from 5 independent results.

(E) Histogram of pixels by intensity.
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Undoped

250 nm

Fig. 3. Low angle annular dark-field scanning transmission electron microscopy (LAADF-
STEM) images of deformation zones under Berkovich indentation (marked by the dashed
triangle) of (A) Undoped and (C) Al-doped boron carbide. Long, near-parallel shear faults
are visible in the undoped boron carbide. High-resolution images of (B) Undoped boron
carbide depicts long and parallel shear faults whereas (D) Al-doped boron carbide exhibits

diffused micro-cracks.
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Fig. 4. (A) and (C) illustrate low angle annular dark-field scanning transmission electron
microscopy (LAADF-STEM) images of dislocations emanating from crack tips in two
different Al-doped boron carbide specimens. The enlarged images are shown in (B) and

(D). Cracks are labeled with arrows and dislocation are numbered.
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Fig. 5. (A) The shear-stress and shear-strength relation of the stable Al-doped boron
carbide structures, (B12) C-Al-C, and (B12) B-Al-C, and (B11C) C-Al-C, sheared in the
easiest slip system (001)./[001];. Deformation mechanism of the most stable Al-doped
structure, B12(C-Al-C), shear along easiest slip system (001),/[001]: is illustrated in (B)-
(E). (B) The B12 (C-Al-C) structure at 0 strain. (C) At 0.136 strain, the inter-icosahedra
bonds break between the shear planes creating an opening. The Al in the C-Al-C kicked
chain kinked towards the opening (black arrow). (D) At 0.263 strain, the Al atom is broken
free and enters the opening. (E) At 0.364 strain, the Al atom enters the opening and forms
anew C-Al-C. New inter-icosahedral bonds are formed and the overall structure is restored

resulting in displaced icosahedra.
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Fig. 6. Schematic showing the domains of deformation mechanisms of various boron

carbide solid-solution systems. Micro-cracking has been reported to dissipate strain energy

in B-rich and Si-doped boron carbide, leading to a 30-31% reduction in amorphization. Al

doping activates dislocation movement and micro-cracking to dissipate deformation

energy, which leads to further suppression of amorphization (44%).
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Fig. S1: SEM and EDS map
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Fig. S1. Scanning electron microscopy (SEM) image and the associated Energy-dispersive
spectroscopy (EDS) maps and EDS spectrum of Al-doped boron carbide. The major

chemical signatures are from B, C, and Al. Traces of W is also identified.
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Average B/C Ratio = 5.92 +/- 0.92 (std)
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50

100 150 200 250
Sample Thickness (nm)

Average B/C Ratio = 4.15 +/- 0.30 (std)
Average C = 19.5 +/- 1.1 at.% (std)

50

100 150 200 250
Sample Thickness (nm)

Fig. S2. Al, B, and C contents vs TEM sample thickness of (A and B) Al-doped and (C

and D) undoped boron carbide.

300
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Fig. S3: Corresponding HADDF and BF images of Fig. 3A and 3C
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Fig. S3. The corresponding low angle annular dark field (LAADF), high angle annular
dark-field (HAADF), and bright-field (BF) images to Fig. 3A and 3C. The images depict
the deformation zone beneath the Berkovich indentation in Al-doped and undoped boron

carbide.



44

Fig. S4: Corresponding HAADF and BF images of Fig. 3B and 3D
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Fig. S4. The corresponding low angle annular dark field (LAADF), high angle annular
dark-field (HAADF), and bright-field (BF) images to Fig. 3B and 3D. The images depict
the differences in detail deformation behavior between Al-doped and undoped boron

carbide.
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Fig. S5: Additional supporting HRTEM images of deformation

behaviors
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Fig. S5. Additional low angle annular dark-field (LAADF), high angle annular dark-field
(HAADF), and bright-field (BF) images depicting the differences deformation behavior
between Al-doped and undoped boron carbide. Short and diffused fracture behaviors are
visible in the Al-doped boron carbide whereas long and distinct shear bands are found in

the undoped boron carbide.
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Fig. S6: Amorphous shear bands in undoped boron carbide

HAADF LAADF

BF

Fig. S6. Numerous amorphous bands were identified in the shear bands in undoped boron
carbide. Low angle annular dark-field (LAADF), high angle annular dark-field (HAADF),
and bright-field (BF) images depict the shear bands and amorphous bands containing inside

the shear bands.



47

Fig. S7. Corresponding HAADF and BF images of Fig. 4

100 nm

Fig. S7. The corresponding low angle annular dark-field (LAADF), high angle annular
dark-field (HAADF), and bright-field (BF) images to Fig. 4B and 4D. The images depict

dislocations unclearing from a crack for two difference TEM samples.
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Fig. S8-S10: Examination of possible Al-doped structure

The possibility of Al atoms in boron carbide is debated. Three possible sites have been
proposed, namely C-Al-C linear [1], X-Al-X kinked [2], or X-Al>-X double Al chain [3],
where X=C or B. The most stable boron carbide consists of B1> or B1:C icosahedra [4],
which is also true for Al-doped boron carbide [2]. Thus, we concluded that there are a total

of 13 combinations of possible Al-doped boron carbide structures.

The (B12) C-Al-C linear chain is shown in Fig. S8. After structural relaxation, the
center Al atom pops out to form a C-Al-C kinked chain with an angle of 124.4°. The kinked
chain configuration is similar to what is proposed by Neidhard [2] thus we exclude the

possibility of having linear chains.
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(B,,) C-Al-C linear (B,,) C-Al-C kinked

Fig. S8. (A) and (C) depict the Al-doped boron carbide structure proposed by Lipp [1]

viewed in different directions. The structure composes B1. icosahedra and a linear C-Al-C
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chain. After structure relaxation, the center Al atom pops out and forms a kinked C-Al-C

chain.

There are a total of 6 combinations of B1. or B11C kinked chain structures, as shown in
Fig. S9. We excluded the (B12) B-Al-B because the structure does not contain a C atom,
thus it cannot be a boron carbide structure. (B1:C) B-Al-B is also excluded from further

investigations as the chain must contain a C atom [2].

(B,,C) C-Al-C (B,,C) B-AI-C (B,,C) B-AI-B X

Fig. S9. The 6 configurations of Al-doped boron carbide with a kinked chain. (B ) B-Al-

B is excluded from simulation because the structure does not contain C. (B11C) B-Al-B
configuration is also excluded as the chain must contain a C atom.

Six total combinations of B, or B1:C double Al chain structures are interrogated (Fig.
S10). The (Bi2) B-Al>-B and (B11C) B-Al,-B are eliminated from further consideration

following the same logic as for kinked chain configuration. We found icosahedra in (B11C)
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C-Al>-C and (B11C) B-Al-C disintegrated after DFT relaxation, suggesting B11C is less

stable to Al-doping compared to Bio.

-Al,-B X

(B12) B

(B1») B-AlL-C

(Bp) C-AL-C

(B,,C) B-AL,-B X

-CX

(B;,€) B-Al,

-CX

(B1;©) C-AlL,

chain, as

Fig. S10. The 6 configurations of Al-doped boron carbide with double Al

suggested by Schmechel [3] (Bi2) B-Alx-B is excluded from simulation because the

structure does not contain C. (B11C) B-Al,-B configuration is also excluded because the

chain must contain C, as suggested by Neidhard [2]. The remaining (B11C) icosahedra

deconstructed after relaxation.
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Table S1: Formation energy and chemistry of all stable Al-doped boron

carbide structures

The formation energy of the 6 remaining configurations was computed using the

equation:
Formation Energy = (Emix — Eal — EB12 - Egraphite)

where Emix, Eal, EB12, and Egraphite are the electronic energies of the doped structure, FCC
Al, alpha Bi2, and graphite crystal. Although B-Bioe is more stable, the alpha-Bi> is used
since its crystal structure is similar to B4C. The formation energies for the six structures,
listed in Table S1 indicated that three configurations, (B12) C-Al-C, (B12) B-Al-C, and
(B11C) C-AI-C, are possibily present because of negative formation energy. Fig. S9. (a-c)

displays the three optimized structures from DFT.

Table S1. Chemical composition and formation energy for stable Al-doped boron carbide

configuration

Configuration Stoichiometry C at.% Energy(eV) Formation Energy (eV)

(BLy) C-Al-C B.C 14.29 -103.9 1276
(B1y) C-Al-B B,;C 7.14 -100.9 0.816
(B,,C) C-Al-C B, ¢,C 21.41 -105.4 0.236
(B,,C) B-Al-C B.C 14.29 -101.4 1.263
(B1,) C-Al,-C B.C 14.29 -104.0 1.391

(Bj,) B-AlL-C B,;C 7.14 -102.5 1.374
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Fig. S11: Detailed deformation and failure process of (B12) C-Al-C

The most plausible slip system of pure boron carbide is (001),/<001>; according to a
previous theoretical study [5]. Shear deformation was first applied to the most stable Al-
doped structure, (B12) C-Al-C in the same slip system. The ideal shear strength of (B12) C-
Al-C is 25.27 GPa and the structure appears to recover after the initial failure (Fig. S9D).
We investigated the deformation failure mechanism of (B12) C-Al-C shown in Fig. S11.
Fig. S11A displays an intact structure. As shear strain increases to 0.136, the B-B bonds
connecting two adjacent icosahedra are stretched from 1.73 A to 2.12 A and breaks (S11B),
leading to a slight decrease of shear stress from 21.90 GPa to 21.22 GPa. When the shear
strain continuously increases to 0.245, the Al4-C7 chain bond is stretched from the original
1.89 A to 2.10 A without breaking, as shown in S11C. However, this Al4-C7 bond is
drastically stretched to 2.67 A and breaks as the shear strain further increases to 0.263
(S11D). This AI-C bond breaking also significantly releases the shear stress from the
maximum of 25.27 GPa to 2.07 GPa. It is worth noting that the icosahedra are not
deconstructed in the stress release (S11D). After the shear stress relaxation, we further
increase the shear strain up to 0.348 leads to an increase in shear stress. At 0.348 strain, the
icosahedral-chain C8-B45 and C7-B39 bonds are stretched from 1.60 A and 1.55 A to 1.73
A and 1.76 A, respectively. However, they are not broken at this strain (S11E). When shear
strain increases to 0.364, these two bonds are broken C8-B45 and C7-B39 bonds are broken
(S11F), releasing the shear stress from 11.42 GPa to -3.43 GPa. Meanwhile, the new C7-
B4, B45-B39 and C8-B10 bonds form, leading to half of the structure transforms back to
its original structure. Again, no icosahedra are deconstructed at this shear strain, suggesting

that the structure is not failed.
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K

Strain=0.263 Strain=0.348

Fig. S11. The deformation and failure process of (Bi12) C-AI-C under ideal shear
deformation: (A) the intact structure. (B) the structure at 0.136 strain in which B-B bonds
connecting two adjacent icosahedra break. (C) the structure at 0.245 strain in which chain
Al4-C7 bond is stretched to 2.10 A without breaking. (D) the structure at 0.263 strain in
which chain AI-C7 bond is broken, releasing the shear stress. (E) the structure at 0.348

strain before the icosahedra slip. (F) the structure at 0.364 strain after icosahedra slip.
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Fig. S12: Detailed deformation and failure process of (B12) B-Al-C

The deformation and failure mechanism of (B12) B-Al-C is shown in Fig. S12. Fig.
S12A shows an intact structure. At 0.155 shear strain, the B-B bonds connecting two
adjacent icosahedra are stretched from 1.70 A to 1.92 A without breaking, as shown in Fig.
S12B. As shear strain increases to 0.173, the B-B bonds are drastically stretched to 2.30 A
and break, releasing the shear stress from 24.86 GPa to 21.16 GPa, as shown in Fig. S12C.
Further increasing the shear strain to 0.263, the chain Al4-B14 bond is stretched from the
original 2.01 A to 2.42 A and breaks, which slightly decreases the stress to 18.92 GPa.
Meanwhile, both C7-B88 and B17-B14 bonds are slightly distorted and stretched.
However, they are not broken at this strain with the bond length of 1.59 A for C7-B88 and
1.69 A for B17-B14, respectively, which are comparable to their original length (1.64 A
for C7-B88 and 1.63 A for B17-B14), as shown in Fig. S12D. However, at 0.280 strain,
the C7-B88 and B17-B14 bonds are drastically stretched to 1.74 A and 1.79 A, respectively,
as shown in Fig. S12E. This releases the shear stress from 18.92 GPa to -1.03 GPa. Next,
continuing increasing the shear strain up to 0.460, the shear stress gradually increases to
26.95 GPa. Particularly, at 0.460 shear strain, new B14-B31 and C7-B76 bonds form,
suggesting the icosahedra slip, as shown in Fig. S12F. Meanwhile, no icosahedron is

deconstructed at this strain.
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Strain=0.460

Strain=0.280

Strain=0.263

Fig S12. The deformation and failure process of (Bi2) B-AI-C under ideal shear

deformation: (A) The intact structures. (B) the structure at 0.155 strain. (C) the structure at

0.173 strain corresponding to the breaking of B-B bonds which connect two icosahedra.

(D) the structure at 0.263 strain in which chain Al14-B14 bond breaks. (E) the structure at

0.280 strain in which B14-B17 and C7-B88 bonds break. (F) the structure at 0.460 strain

corresponding to the icosahedral slip.
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Fig. S13: Detailed deformation and failure process of (B11:.C) C-Al-C

The deformation and failure mechanism of (B11C ) C-Al-C is different from both (B12)
C-Al-C and (B12) B-Al-C. S13A shows the intact structure of (B11C) C-Al-C. As shear
strain increases to 0.231 correspondings to the ideal shear strength of 28.65 GPa, the B-B
bonds connecting two icosahedra are stretched from the original 1.83 A to 2.96 A and
break, as shown in Fig. S13B. At 0.251 shear strain, the C-B bonds within the icosahedra
break, which initiates the deconstruction of icosahedra, as shown in Fig. S13C. In addition,
the C-Al bond in the chain is also stretched from 2.00 A to 2.56 A. The breaking of the
bond releases the shear stress from 28.65 GPa to 17.67 GPa. At 0.290 shear strain, the
C14-B52 bond connecting the chain and icosahedra is stretched from 1.58 A to 1.77 A

(Fig. S13D, which further releases the shear stress to -2.34 GPa.

Strain = 0.251
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Fig. S13. The deformation and failure process of (B11C ) C-Al-C under ideal shear
deformation: (A) The intact structure. (B) the structure at 0.231 strain in which B-B bonds
connecting two icosahedra break. (C) the structure at 0.251 strain in which chain Al-C
bonds break. (D) the structure at 0.290 strain in which C14-B52 bonds connecting chain

and icosahedra break.
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Abstract

Microstructure texturing in eutectic composites is known for contributing to
anisotropic materials properties. Although B4C-ZrB: eutectic has long been discovered,
very little is known about how the highly textured microstructure and the crystallographic
orientation of the constituent phases affect the mechanical properties of the composite. In
this study, B4C-ZrB: eutectic is prepared via arc melting to investigate the hardness and
toughness anisotropy due to microstructure texturing and crystallographic orientations. In
addition, residual stresses responsible for the observed toughening mechanism was

elucidated using the theoretical model and Raman stress mapping.

Keywords: Eutectic composite; Carbide; Boride; Hardness anisotropy; Residual stresses

Introduction

Monolithic boron carbide (B4C) is remarkable for its combination of high hardness
(28-37 GPa) and low density (2.52 g/cm?®), making it applicable for sand-blasting nozzles,
grinding materials, and armor ceramics [1-4]. However, its covalent nature makes B4C
intrinsically brittle and difficult to sinter. Metal borides, such as ZrB», are often used as
sintering aids for B4C not only for their ability to enhance the sintering behavior but also
to improve the fracture toughness [5]. Mestvirishvili et al. reported a small improvement
in fracture toughness, e.g. from 2.6 to 2.8 MPa-m*2, with a 3 wt% incorporation of ZrB; in
B4C [6]. Han et al. showed a significant improvement in toughness, 6.3 and 7.0 MPa-m*?,
with 38 and 51 wt% addition of ZrB>, respectively [7]. In addition to the aforementioned
benefits from the particulate composite, eutectic composites also acquire superior
mechanical properties. Waku et al. showed a significant improvement of flexural strength,

from 100 to 700 MPa at 1500 °C, between the Al.O3-GdAIO3 hot-pressed and eutectic
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composites [8]. Anisotropic material properties due to strong microstructure texturing are
commonly found in eutectic materials [9]. For example, ZrC-ZrB: eutectic shows higher
hardness values transverse to the solidification direction while higher fracture toughness in

the longitudinal direction [10].

Rudy et al. constructed B4C-ZrB> pseudobinary phase diagram using experimental
data and theoretical calculation in 1969 [11]. They estimated that a eutectic composition
contains 58-68 mol% B4C with a eutectic point at 2220 + 20 °C. Experimentally, the B4C-
ZrB; eutectic system was first verified by Ordan’yan et al. and the composition was
estimated to have 70-75 mol% of B4C and the eutectic point found around 2280 + 30 °C
[12]. Kovalev et al. later conducted a detailed study and determined that the exact
composition was 71.5 mol% B4C and 28.5 mol% ZrB: with a eutectic point of 2200 °C
[13]. The B4C-ZrB: phase diagram and the proposed eutectic compositions are summarized
in Fig. 1. Kovalev et al. found that B4C-ZrB, eutectic formed a highly textured
microstructure consisting of ZrB> plates (lamellar) or rods in the matrix of B4sC depending
on the solidification rate [13]. Namely, slow solidification rates resulted in plate-like
morphology whereas fast solidification rates were prone to result in rod-like structures.
Kovalev et al. determined that Vickers hardness value of the eutectic was 31-33 + 0.75
GPa, which is roughly in agreement with Ordan’yan’s findings, 32.2-34.3 GPa, for a 100g
load [13]. Although it is well established that microstructure texturing and crystallographic
orientation relationships between the constituent phases can lead to anisotropic material
properties, neither study considered the effect of plate/rod orientation on the hardness
values. The crystallographic orientation relationship between the ZrB> rods and the B4C

matrix was not determined and its contribution to hardness and toughness were never
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assessed. Furthermore, toughening by changing the fracture behavior (from transgranular
to intergranular) has been documented for many eutectic B4C carbide containing systems,

however it has never been examined for the B4C-ZrB> eutectic system [9].

Therefore, to further our understanding of the B4C-ZrB: eutectic system, this work
aims to accomplish the following tasks: 1) identify the crystallographic orientation
relationship between the constituent phases, 2) evaluate if microstructural texturing and
crystallographic orientation contributes to hardness and toughness anisotropy, 3) evaluate
crack propagation behavior in the eutectic composite, and 4) estimate residual stress using
theoretical calculation and verify it using Raman spectroscopy to explain crack deflection

behavior.

Material and Methods

Powders of B4C (Grade HD20, H.C. Starck) and ZrB. (Grade B, H.C. Starck) were
mixed according to the eutectic composition (28.5 mol% ZrB; and 71.5 mol% B4C) and
then cold-pressed without a binder. The pellet was melted under argon flow multiple times
using a benchtop arc melter (5SA, Centorr Vacuum Industries) to ensure uniform mixing.
The melt was allowed to cool on a water-cooled copper hearth to room temperature and

flipped between each melting. A schematic of the melt device is depicted in Fig. 2a.

The ingot was sectioned longitudinal and latitudinal to the base of the ingot (Fig.
2b) and polished down to mirror finish using 9, 6, 1 and 0.25 pum diamond embedded pads.
Powder diffraction was done on pulverized ingot with/without silicon standard (SRM 640e;
NIST) using an X’Pert Pro diffractometer (PANalytical) with Cu Ka radiations. The

Vickers hardness was obtained using a VH3300 automatic tester (Wilson) with 0.1g-2kg
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loads following ASTM standard C1327-15. The indents were selectively placed parallel
and perpendicular to the c-axis of the ZrB. rods to examine anisotropy. 1 kg load indents
were also placed on a polycrystalline B4sC dense body prepared by hot press apparatus.
Cracks resulting from the 1 kg indents from both specimens were used to evaluate
indentation fracture toughness using the equation K, = 0.018 x (E/H)%°(Pc~1) [14],
where E is Young’s modulus in GPa, H is Vickers hardness in GPa, P is load in Newton
(9.81 N), and c is the median crack length from the center of the indent to crack tip in
meter. E is obtained using the rule of mixture taking the eutectic volume fraction and the
E of the constituent phases, Egac = 430 GPa [2] and Ezgs2 = 489 GPa [15]. A field emission
scanning electron microscope (FE-SEM; SIGMA Zeiss), equipped with energy-dispersive
X-ray spectroscopy (EDS; Oxford Instruments) and electron backscattered diffraction
detector (EBSD; Nordlys), was used to reveal the microstructure and examine the crack
propagating behaviors. The cross-sectional diameter and the length of the rod-like grains,
as well as the spacing between the grains were measured using an image analysis software
(Lince 2.4.2) according to the linear intercept method (ASTM E112-13). EDS was used to
identify the chemical composition between the constituent phases. EBSD was employed to
resolve the crystallographic orientation of the constituent phases. Raman spectroscopy was
used to map out the residual stresses in the matrix of B4sC. Raman data was collected using
an inVia Reflex Raman microscope (Renishaw) equipped with 532 nm laser at 100x

objective.
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Results and Discussion

Microstructure

The arc melter prepared B4C-ZrB; eutectic ingot was sectioned longitudinally and
latitudinally to the base of the copper hearth, as shown in Fig. 2b. Although arc melting is
not a directional process, the overall cooling direction is roughly longitudinal since a water-
cooled hearth is the main source of cooling. The local cooling direction, however, can vary
from the overall cooling direction as it can be influenced by local thermal gradients,
composition, pores, and impurities [9]. This overall cooling direction dramatically changed
the morphology of the eutectic colonies. When examining the overall microstructure on the
longitudinal cross-section, the colonies formed are much longer in height than in width,
aligning with the fastest cooling direction (Fig. S1). The morphology within the same
colony is similar while varying substantially from one colony to another. The morphologies
between the colonies are random and often consist of hypereutectic, hypoeutectic, mixture

of lamellar and rod-like structures, large grains of ZrB, and pure B4C.

The microstructure at the center of the well-developed colonies consists of ZrB>
rod-like grains embedded in the B4C matrix (Fig. S2). The diameter of the rods are 0.68 +
0.14 um and the matrix spacing between the rods is 0.62 + 0.27 um. The average length of
the rods is determined to be 18.45 + 4.27 um although it is expected that the measurements
underestimate the actual length of the rods. The exact length of the rods is difficult to
determine because the long axis of the rods do not align perfectly parallel with the cutting
plane. Any misalignment between the long axis of the rods and the cutting plane would

make the rods appear shorter.
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Hardness anisotropy due to microstructure texturing

Vickers hardness was obtained on the well-developed rod-like regions parallel and
perpendicular to the long axis of the ZrB; to examine the potential anisotropy (Fig. 2c and
2d). Across all indentation loads, the hardness values were consistently 2-3 GPa higher
parallel to the rods and the difference exists outside of the error bars (Fig. 3a). The hardness
values at 100g load were in agreement with the findings of Ordan’yan and Kovalev. Their
hardness values averaged out and exist within the range of hardness values determined in
this study since they did not consider the microstructural texturing or the crystallographic

orientation.

The anisotropy in hardness can partly be explained by the high aspect ratio between
the rod’s length and the cross-section, e.g. smaller radial cross-section yields a higher
hardness (Hall-Petch relationship) [16]. ZrB2 and B4C have different hardness values,
hence the difference in the indented volume fraction could also explain the observed
hardness disparity. The indents were placed in the well-developed eutectic area, and thus
the total integrated volume fraction for each constituent phases is constant for either
indentation direction. However, given a fixed indent size (25.3 um diameter for 9.8N
Vickers indent), the cross-sectional area of ZrB, on the parallel and perpendicular
directions do not have the same area fraction, namely 22.2 and 53.2 area % parallel vs.
perpendicular. The limited size of the indents and the shallow penetration of Vickers
indenter (136° cross the opposite facets), means that the actual deformed volume fractions
of the constituent phases are also different in the two directions. The deformed volume
fractions were estimated to be 22.2% ZrB. in the parallel direction and 27.0% in the

perpendicular direction (Table 1). The method for approximating area and volume fractions
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is detailed in Supplementary work. Using the rule of mixtures [17], hardness values at 1 kg
load are estimated to be 28.2 GPa and 27.7 GPa in the parallel and perpendicular directions,
respectively (Fig. 3a). The calculated hardness values are similar to the measured values.
More importantly, the difference in indented volume fraction offers an explanation for the

observed hardness anisotropy.

Crystallographic orientation and its effect on the hardness anisotropy

The hardness difference between the calculated values (A=0.5 GPa) is smaller than
the difference in the measured values (A=1.8 GPa) at 1 kg load. The rule of mixtures
utilizes the hardness values acquired from the polycrystalline ZrB, (19.6 GPa) [18] and
B4C (30.7 GPa). Therefore, the calculated values do not reflect the already existing
anisotropy in single crystal ZrB, and B4C. In order to examine if the already existing
anisotropy in the constituent phases contributes to the observed hardness anisotropy, the
crystallographic orientation relationship between the ZrB; rods and the B4C matrix was
identified using EBSD mapping (Fig. 4a). Using the hexagonal system notation, we
identified the crystal orientation relationship of B4C (0111)\ZrB, (0001)pasa and B4C

(0111)\ZrB2 (1210)prismatic-

Domnich et al. found a minor hardness anisotropy in single crystal boron carbide
using Berkovich indenters, namely the hardness value on the (1011) plane was ~1 GPa
higher than that of the (0001) plane [19]. It is important to point out that the (1011) plane
on boron carbide and the (0111) matrix planes identified in this study are symmetrically
equivalent, both belong to the pyramidal () planes using the hexagonal notation (Fig. 4b).

This means that the matrix has a higher hardness value when the indents were made in the
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perpendicular direction. Nakano et al. found that the basal plane in ZrB: single crystal has
a higher Knoop hardness value than the prismatic planes [20]. Using nano-indentation
(Berkovich), Csanadi et al. also found the basal plane of ZrB> is ~5 GPa harder than the
prismatic planes [21]. This implies the rods yield a higher hardness when the indents were
made in the parallel direction, contrary to the assessment of the matrix. It is important to
note that the hardness difference obtained using nano-indentation does not scale linearly
due to indentation-size effect [22], thus it is difficult to approximate the exact hardness
difference at higher loads. Furthermore, the hardness values for single crystal boron carbide
or ZrB at 1 kg load are also unknown. Nevertheless, the hardness anisotropy in the single
crystals, no matter the values, could contribute to the small difference observed between

the calculated and the measured hardness values.

Toughness anisotropy and crack propagating behaviors

Cracks emanating from the 1 kg load indents were used to evaluate the indentation
fracture toughness. In the parallel indentation direction, we obtained 3.54 + 0.62 MPa-m°°
compared to monolithic B4C at 2.4-2.6 MPa-m°® [6, 23] (Fig. 5). The improvement in the
toughness can be explained by the crack deflection observed at the B4C-ZrB: interfaces
(Fig 6a). When the crack meets an interface, the crack first changes direction then travels
around the ZrB: grain. The frequent change of direction shortens the overall crack length,
which improves the indentation toughness values. The crack deflection observed in the
eutectic is likely caused by residual stress due to the mismatch between the linear thermal
expansion coefficients and elastic moduli of the constituent phases (discussed in residual
stress calculation). Since the microstructure is consistent in the parallel indentation

direction, no toughness anisotropy was identified.
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In the perpendicular indentation direction, two crack propagation directions were
evaluated to examine fracture toughness due to microstructure texturing, namely along the
long axis and transverse to the long axis of ZrB,. We measured 3.11 + 0.57 MPa-m%®along
the long axis and 5.03 * 1.23 MPa-m°® transverse to the long axis (Fig. 5). Compared to
monolithic B4C, an indentation toughness improvement of 24% was observed along the
long axis of ZrB,. We attribute this to the occasional deflection between the B4C-ZrB:
interfaces as shown in Fig. 6¢. The crack deflects twice when it interacts with the ZrB»
phase, once as it enters the ZrB phase and once more as it leaves the ZrB> phase (marked
in red). The crack travels unimpeded within the B4C matrix and often travels along the
B4C-ZrB; interfaces (marked in blue), an indication for weak grain boundaries. The
observation of crack deflection at the B4C-ZrB; interface and the lattice and thermal
expansion mismatch between the constituent phases is good evidence for weak boundaries.
This is further evident by examining the fracture surface along the long axis as shown in
Fig. 7a. When the crack intersects the ZrB> rod, it deflects along the matrix-rod interface

until the rod fractures at a weak point and debonds [24].

The indentation toughness improvement is substantial, about 100% improvement,
when the crack travels transversely to the long axis of ZrB.. This is expected because more
B4C-ZrB: interfaces provide more crack deflection (Fig. 6¢). However, it is important to
note that the deflection does not happen at every interface. The enhancement in the
indentation toughness can also be attributed to the higher toughness value of ZrB, 3.5-3.7
MPa-m¥2 [25, 26] compared to 2.4-2.6 MPa-m'? for B4C [6, 23]. The tougher ZrB;
requires more energy to fracture, thus resulting in shorter overall crack lengths. Contrary

to the fracture surface along the long axis, we did not observe ZrB> rod pullouts on the
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transverse direction (Fig. 7b). In addition, fragments of ZrB> rods are commonly seen when
the fracture surface is parallel to the c-axis of the rods and not seen on the transverse
direction. Taken together, microstructure texturing plays a significant role in toughness
anisotropy. The effect of crystallographic orientation of the constituent phases on the
toughness anisotropy is not examined in this study because there is no report on the

toughness anisotropy in single crystal B4C or ZrBo.

Residual stress calculation

The crack deflection observed in our work can be partly explained by the presence
of residual stress as B4C and ZrB> have very different linear thermal expansion coefficients
and elastic moduli. The residual stress in the matrix can be modeled using the Shrink-fit of
hollow cylinder onto a solid cylinder model [24]:

_ EfEm(am - af)(l + Vf)(To - TA)
(14 vpEL (1 = 2vp) + Ef(1 + vy)

Pnh = —0gp = Oyr

Oz = —2vfPp + Ef(af - o(m)(To - TA)

where o, 0gg, and o,, refer to radial, hoop/circumferential, axial stress components,

respectively (Fig. 7). Subscripts f and m refer to the fiber and matrix, o is the linear thermal

expansion coefficient, v is the Poisson’s ratio, E is the elastic moduli, T, is the temperature
at which the misfit stresses start to arise, and T, is the final ambient temperature [24]. In
this work, we take a, v and E to be 4.5 x 10° K1, 0.18, 430 GPa respectively for B4C [2,
27, 28], 6.66 - 6.93 x 10 K* (for a- and c-axis directions respectively), 0.119, 489 GPa
respectively for ZrB; [15, 29, 30], T4 = 1200 °C, and T, to be 25 °C. The T, is assumed to
be roughly half of the Tmeit Of B4C because at temperatures higher than that materials can

“flow” and stresses can be relaxed [24]. Using the two different elastic modulus values for
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a- and c-axis for ZrB», the residual stress in the matrix has the radial component of 630-
710 MPa in tension, hoop component of 630-710 MPa in compression, and axial stress

component around 1.4-1.57 GPa in tension. The localized nature of the stress fields fall off
rapidly following the rlz relationship [24]. However, the spatial proximity between the rod-

like ZrB> grains implies the effective residual compression stressed in the B4C matrix
should be higher, between 875 and 985 MPa, as illustrated in (Fig. 8). As the crack
propagates the rod-matrix interface, it orients itself parallel to the axis of the local
compressive stress and perpendicular to the axis of the local tensile stress in the
surrounding matrix [31]. This results in crack deflection around the ZrB> rod as seen in

Fig. 6a.

Raman stress mapping

Raman spectroscopy was used to further elucidate the magnitude and spatial
distribution of the residual stress in the B4sC matrix. An example of a Raman spectrum of
B4C is shown in Fig. 9a. Peak shifting of the nominally 1080 cm™ Raman band for B.C
can be interpreted as a change in a stress state. For example, an upshift of 1 cm™ in the
1080 cm™ Raman band corresponds to a volume reduction or an equivalent of compressive
stress of 278 MPa [27]. Conversely, a downshift of 1 cm™ is associated with volume
expansion either due to doping or tensile stress of the same magnitude [32-34]. Raman
mapping was done on the longitudinal and latitudinal cross-section in the well-developed
eutectic regions. An upshift of 3-4 cm™ was observed at the interface of B4C and ZrB:
suggesting a compressive state (Fig 9b and 9c). Although Zr-doped BxC (x~3.75-10.1 for
solid solution) is thermodynamically stable between 2300-2450 °C, it has not been

observed in the B4C-ZrB> eutectic system [11, 12, 35]. In addition, X-ray diffraction data
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does not support the doping explanation since the peak positions of the boron carbide phase
were indexed to that of stoichiometric B4C (Fig. 10). This result is expected since B4C is
in equilibrium with ZrB; at elevated temperatures and Zr-doping can only occur when the
B/C ratio is greater than 4, e.g. B13C> [11]. Furthermore, doping would result in lattice
expansion and a downshift in the 1080 cm™ peak, opposite to what was found. It’s
important to note that the spatial resolution of Raman spectroscopy and the analysis
technique is not high enough to measure the absolute values of residual stress. The step
size (0.5 um) and the Raman laser spot size (~0.5 um) are roughly the same sizes as the
diameter of the rods (0.68 pum) and the matrix spacing (0.62 um) between the rods.
Nevertheless, it is discernable that there is an upshift in the 1080 cm™ Raman band when
the spectra were acquired between the ZrB> grains, indicating a compressive state. The
color intensity of the Raman mapping suggested that the upshift is around 3-4 cm™, which
is equivalent to 830-1110 MPa of compressive residual stress. The values are in agreement
with the effective residual stress (875-985 MPa) calculated using the Shrink-fit of hollow
cylinder onto a solid cylinder model.

The obvious sharpening of the 1580 cm™ peak (carbon G peak) near or at the rods
indicated that graphitization has occurred [36-38]. In general, free amorphous carbon is
expected in commercial boron carbide powder [39]. Yet, the sharpening of the peak is only
observed near the ZrB; phase. Since boron carbide is a solid-solution and has a higher
carbon solubility at higher temperatures, the free carbon can dissolve into boron carbide at
the eutectic temperature (~2200 °C) [35]. However, carbon solubility significantly
decreases at lower temperatures. It is possible to infer that as the melt cooled, carbon

precipitated and nucleated as graphitic carbon at the interfaces of B4sC and ZrB..
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Conclusions

A B4C-ZrB: eutectic ceramic composite was prepared using an arc melter. The
overall morphology consists of colonies of rod-like ZrB> in B4C matrix, separated by non-
eutectic morphology. The Vickers hardness parallel to the c-axis of the rods was 2-3 GPa
higher compared to the perpendicular direction. The hardness anisotropy is mostly
attributed to microstructure texturing and the difference in the indented ZrB> and B4C
volume fraction in the different indentation direction. The already existing hardness
anisotropy in the constituent phases also has a minor contribution to the observed hardness
disparity. The crystallographic orientation relationship between the ZrB; rods and the B4C
matrix was determined to be ZrB, (0001)\\B4C (0111) and ZrB, (1210)\B4C (0111).
Crack deflection was commonly observed at the B4C-ZrB: interface. Overall, the eutectic
composite showed higher indentation toughness than monolithic B4C. Toughness
anisotropy was observed with higher indentation toughness value transverse to the long
axis of the ZrB. rods than for parallel. The mechanism responsible for the observed crack
propagation behavior was residual stress, which was estimated using theoretical

calculations and verified experimentally using Raman stress mapping.
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Table 1. Estimated area and volume fractions for each under the Vickers imprint and the

hardness corresponding to each indentation direction.

ZrB, (area %)
B,C (area %)
ZrB, (vol. %)
B, C (vol. %)

Measured Hv (1 kg)
Calculated Hv

222
77.8
22.2
77.8

28.6
28.2

Rule of mixtures: H=f H +fj,l—[f[] 7]

B4C Hv: 30.7 GPa

ZrB, Hv: 19.6 GPa [18]

532
46.8
27.0
73.0

26.8
27.7
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Fig. 1. Phase diagram of the B4C-ZrB- system, adapted from Rudy [11], and the proposed eutectic

points by Rudy [11], Ordan’yan [12], and Kovalev [13].
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Fig. 2. (a) Schematic depicting the bench-top arc melter and (b) a close-up view of the specimen

with associated cutting and overall cooling directions.
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Figure 3. (a) Load vs. hardness values acquired parallel and perpendicular to the long axis
of ZrB> rod-like grains. (b) Schematic illustrating the indentation direction with respect to
rod orientation. SEM images of 0.5kg load indents parallel and perpendicular to the long

axis of the rods in (c) and (d) respectively.
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Figure 4. (a) EBSD mapping of the highly textured B4C-ZrB; eutectic microstructure showing rod-
like ZrB; grains in the B,C matrix. (b) Schematics of the crystal orientation for ZrB; rods and B4C

matrix in the eutectic composite.



Figure 5. Indentation fracture toughness of B4C-ZrB; eutectic composite and monolithic B4C [6,

23].
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Figure 6. (a) Crack deflects around the ZrB; grains when the indent was placed parallel to the long
axis of the ZrB, rod. When the indent was placed perpendicular to the long axis, crack is longer (b)

along the long axis and shorter (c) transverse to the long axis of the ZrB; rod.
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Figure 7. Fracture surface (a) along and (b) transverse to the long axis of ZrB; rods. ZrB, fragments

are commonly seen on the parallel surface when the rods fractured and delaminated from the matrix.
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Figure 8. Cylindrical polar coordinates used to describe the stress components. Spatial distribution

of hoop stresses in the matrix are plotted in the area between the grain. The maximum calculated
hoop stress (710 MPa) is located at the grain-matrix interface and falls off rapidly following the riz

relationship. The sum of the stresses, or the effective stress, between the two grains is higher (875-

985 MPa) due to the proximity of ZrB; rods.
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Figure 9. (a) Raman spectra acquired from longitudinal and transverse section showing an upshift
near the ZrB; regions. Raman stress mapping and the corresponding optical image (b) parallel and

(c) perpendicular to the c-axis of the rods.
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Figure 10. XRD pattern for B,C-ZrB; eutectic composite. The [021] peak position of boron carbide

is indexed to be stoichiometric B.C suggesting no doping occurred.
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Supplementary Figures

Supplementary figure 1. SEM images of the (a) longitudinal and (b) latitudinal section of
the specimen. The colonies are much longer in height than in width suggesting the overall
cooling direction is longitudinal. The morphologies between the colonies (c) and (d) are

random, consist of hyper- or hypoeutectic, large agglomerates of ZrB2, and pure B4C.
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Supplementary figure 2. EDS elemental mapping of the microstructure showing ZrB:

rods in the B4C matrix taken parallel (a) and perpendicular (b) to the c-axis of the rods.
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Supplementary Information

Area fraction calculation

Since the hardness values were acquired on the well-developed regions, we can
assume that the total integrated volume fraction of each constituent phase is constant.
However, Vickers indent penetration is shallow at 136° across the opposite facets.
Using 9.8N Vickers indent as an example, this implies that the indented volume may
not have a consistent volume fraction in both indentation directions. This is evident by
examination of area fraction on the cross-section area of the imprints. In the parallel
direction, 22.2% of the cross-section is ZrB, whereas 53.2% are found on the
perpendicular direction. ZrB> is considerably softer than B4C, thus it is likely that
simply having more ZrB: is the leading cause for the observed hardness anisotropy.
Hardness is the ability to resist deformation. When an indenter penetrates beyond the
surface, the bulk material is doing the work to stop deformation. Thus, it is important

to evaluate the volume fraction of the constituent phases as opposed to area fraction.
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Model assumptions and deformed volume equivalent
The deformed material volume in this work is defined as the total volume deformed by
the indenter. The deformed or the indented volume assumes the geometry of the
indenter. For simplicity, this work does not account for the elastic recovery of the
material or the pile-up which occurs to accommodate material displacement. This work
assumes the indented material exhibits perfect plasticity. This model also does not
account for the deformed volume beneath the apparent imprint or the effect fracture

has on hardness. The ZrB> phase is assumed to be perfect cylinders.
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Determining the volume fraction of ZrB. within the indented volume can be
complicated. A geometric equivalent is made to simplify the approximation. This can

be illustrated in the diagram below.

— b
- \ J
[

b

A = sbh, = bh, = A,

Where subscript t and r are for triangle and rectangle, A is the area, h is the height, and
b is the base for both geometries. The area of a triangle can be redistributed to form a
rectangle with the same base while conserving the area fraction of the constituent parts.
This analogy can be applied directly to a 3D solid, such as a pyramid, since a triangle

is a 2D cross-section of a pyramid.

136° opposite facets



94

1
§hp = hC

Where subscript p and ¢ are for pyramid and cuboid, V is the volume, h is the height,

and s is the side for both geometries.

The volume of a pyramid (Vickers indenter) is precisely 1/3 that of a cuboid with
identical side dimensions. In other words, a cuboid with sides identical to the sides of
the pyramid but 1/3 the height. The volume fraction of the ZrB; is also conserved in
this equivalent. This modification dramatically simplifies the approximation. Instead
of calculating the volume of cylinders inscribed inside a pyramid, now we are
calculating the same volume inside a cuboid. In this case, the height of the cylinder is
the height of the cuboid in the parallel direction and the length of the cylinder is the

side of the cuboid in the perpendicular direction.

Volume fraction calculation
At 1 kg load (9.8N), the Vickers indenter imprints are on average 25.3 um across the
imprint diagonals. Using the geometry of Vickers indenter, we can estimate that the
sides of the imprint are 17.9 um and have a depth of 5.1 um. Using the volume
equivalent we previously established, this volume is equal to a cuboid with a height of
1.7 um. ZrB: rods inside the volume are displayed below. The dimensions of the rods

are values acquired from measuring the length and cross-section.
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Using the assumed arrangements above, we can estimate that the volume fraction
of the ZrB; phases is 22.2% in the parallel direction and 27% in the perpendicular
direction. These values represent the deformed volume fraction of each constituent

phase during indentation.



96

CHAPTER 4

Small amount TiB: addition into B4C through sputter deposition and
hot pressing
Chawon Hwang"”", Stephen DiPietro?, Kelvin Y. Xief, Qirong Yang!, Azmi M. Celik?,
Atta U. Khan!, Vladislav Domnich?, Scott Walck*, Kevin J. Hemker?, Richard A.

Haberl”

! Department of Materials Science and Engineering, Rutgers, The State University of

New Jersey, Piscataway, NJ 08854, USA
2 Exothermics, Inc., Amherst, NH 03031, USA

% Department of Mechanical Engineering, Johns Hopkins University, Baltimore, MD

21218, USA

4 SURVICE Engineering Co., U.S. Army Research Laboratory, Aberdeen Proving

Ground, MD 21005, USA

¥ Author’s present address: Department of Materials Science and Engineering, Texas
A&M University, College Station, TX 77843, USA

*Corresponding author e-mail: chawon.hwang@rutgers.edu, rich.haber@rutgers.edu_and

address: 607 Taylor Road, Piscataway, NJ 08854, USA. Tel: +1 (848) 445-5924, FAX:

+1 (732) 445-5926


tel:+1

97

Abstract

A small amount of TiB, (< 5 wt%) was added into B4C through a novel method that
combines the use of sputter deposition and hot pressing. Sputter deposition provided more
uniform dispersion of TiB: grains with smaller grain sizes as compared to the conventional
particulate mixing. A small amount of TiB. addition demonstrated to be an effective way
for improving the fracture behavior and toughness of B4C while not sacrificing its
outstanding lightweight property to a large extent: 2.3 wt% TiB. addition brought 15%
improvement in indentation fracture toughness while resulting in less than 2% increase in
density. The improvement can be attributed to the combination of crack impeding by TiB:
grains and crack deflection at the B4C-TiB: interfaces. TiB; also played as grain growth
inhibitor resulting in a slight increase (2%) in Vickers hardness. Another intention of
employing sputter deposition was to modify the grain boundary of B4C; however, neither
formation of Ti-containing phase nor Ti segregation has been observed at grain boundaries

likely due to the poor wettability of B4C.

Keywords: Boron carbide; Titanium diboride; Small amount addition; Sputter deposition;

Hot pressing;
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Introduction

Boron carbide displays an excellent hardness (29-45 GPa) while being lightweight
(density: 2.52 g/cm?®).(1-5) Thus, it has been one of the materials of choice as an armor
ceramic for the protection of personnel and vehicles. (1) Furthermore, it has found a variety
of applications such as abrasives for grinding hard materials, wear-resistant components
for water-jet cutting, neutron absorbent/detecting materials for nuclear reactors, and
thermoelectric materials for thermoelectric energy generation.(6-8) However, further
widespread application of boron carbide is hindered by its poor fracture behavior and
toughness.(9) It fails catastrophically when subjected to high-velocity impact over its

Hugoniot elastic limit (HEL, 17-20 GPa) and shows transgranular fracture mode.(10, 11)

One of the approaches to improve the fracture behavior and/or the toughness of
boron carbide (B4C) is by adding a reinforcement such as silicon carbide (SiC) and
transition metal (group 1V) diborides (Me'VB2, Me is Ti, Zr, and Hf).(12-16) While the
addition of SiC does enhance the toughness of B4C, it does not necessarily result in a
preferred intergranular fracture mode, except when SiC grains have platelet, whisker or
fiber morphologies. (12, 13). On the other hand, when Me'VB; is added, cracks deflect at
the reinforcement-matrix interfaces leading to a combination of transgranular and

intergranular fracture modes.(14-16)

Though the addition of Me'VB, improves the fracture behavior and toughness of
B.4C, it bears a significant density penalty which nullifies the lightweight property of B4C.
For example, TiB2, ZrB,, and HfB, have densities of 4.52, 6.08, and 10.5 g/cm?,
respectively, compared to B4C (2.52 g/cm?®).(4, 17) Being the lightest among all Me'VBs,,

small amount TiB> addition is preferred in search of ways to improve the fracture behavior
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and toughness of B4C. TiB> additions between 5 and 88 wt% have been fabricated using
the conventional particulate mixing methods such as ball milling, through which the
dispersion of TiB. particulate in B4C becomes difficult when the addition amount and

particle size of TiB, become small.(15, 20, 21)

Here, we investigated the TiB> addition of <5 wt% by applying a novel method
that combines the use of sputter deposition and hot pressing. The purpose of this study was
to 1) demonstrate the viability of sputter deposition as a means to incorporate TiB> into
B4C, 2) identify the efficacy of small amounts of TiB; addition for improving the fracture
behavior and toughness of B4C while not causing a significant density penalty, and 3)
examine if the sputter deposition of TiB2 on B4C powder leads to a modification of grain

boundaries.
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Materials and Methods

Sputter deposition and sintering processes

B4C powder (Grade HD 20, D50=0.3-0.6 um on the data sheet; H.C. Starck, MA,
USA) was used as the base powder. To wash off the surface oxide (HsBO3/B.03), the base
powder was put into a dilute HCI (pH 3.5) for 12-24 h, rinsed with DI water, and put into
methanol for 12-24 h.(18) After decanting excess methanol, the powder was introduced as
wet into a sputter deposition system. A DC magnetron sputter deposition system coupled
with a rotating drum (Balzers BAF 260 chamber and Sierra cathode) was used. After being
introduced into the drum, the powder was dried under vacuum for 48 h, followed by a
tumble drying at 250°C for 24h, and subjected to RF etching in an argon-helium
atmosphere (Ar-5%H>). Then, TiB> was sputtered onto the powder in argon (Ar) gas using
a TiB2 disk as the sputtering target. The TiB2 disk was hot pressed using TiB, powder
(Grade G; H.C. Starck, MA, USA). The sputtering power ranged from 3 to 14 kWh. The
sputter coated powder was stored either in air or in an inert environment. For the inert
environment storing, the coated powder was put in hexane and stored in a glove box under
Ar gas. B4C/TiB> particulate mixture was prepared through wet ball milling using SiC balls
and ethanol media (TiB2 powder: H.C. Starck Grade F, D50=1.5-2.5 pum on the data sheet).
The mixture was mixed for 2 hours followed by drying at 100°C. The sputter deposited
powder and particulate mixture were filled into a graphite die (25x45 mm) and sintered
using a hot press (Thermal Technology LLC, CA, USA) at 1975-2100°C for 15-60 min
under a uniaxial pressure of 50 MPa in Ar gas. The sintering profile consists of a hold step
at 1500°C for 30 min under 20 MPa before reaching the sintering condition at a heating

rate of 5°C/min. The inert-environment stored powder was filled into a graphite die as wet
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and loaded into the hot press chamber to mitigate the oxidation of the powder. As a

comparison sample, the un-coated B4+C powder was also sintered at the constant conditions.

Characterizations and mechanical properties evaluation

Density measurements were carried out using the Archimedes method. Specimens
were sectioned into smaller pieces with diamond coated blades to proceed with the
following analyses, observations, and measurements. XRD patterns were obtained on
crushed powder using the X’Pert Pro Diffractometer (PANalytical, Netherlands) at 45kV
and 40 mA with Cu Ko (4=1.540598 A) radiation at a scanning rate of 0.04°/min. The peak
positions of XRD patterns were corrected using the silicon standard (SRM 640e; NIST).
Phase identification and quantification (Rietveld refinement) were performed using the
JADE program (Jade 9; Materials Data, Inc., CA, USA). Relative sintering density was
calculated by dividing the measured density by theoretical density, which is obtained from
the phase quantification results and the rule of mixtures. SEM observation was performed
on ion milled cross-sections (IM 4000+ ion milling system; Hitachi America, Ltd., NY,
USA) using SIGMA FE-SEM (ZEISS, Germany). Bright-field transmission electron
microscopy (TEM), high angle annular dark-field scanning TEM (HAADF-STEM), and
energy dispersive X-ray spectroscopy (EDX) were performed on the mechanically polished
then Ar ion beam thinned specimens using a JEOL 2100F equipped with an Oxford Inca
XEDS system. A Gatan Tridiem GIF electron energy loss spectroscopy (EELS) detector
was used to identify the bonding characteristics of the surface coating. The grain size was
measured using an image analysis software (Lince 2.4.2, NAW, Germany) according to
the linear intercept method (ASTM E112-13). Vickers hardness (Hv) measurements were

performed on polished cross-sections using an M400-G3 microhardness tester (LECO, M,
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USA) following ASTM C1327-15 (1 kgf, 10 sec dwell time). Indentation fracture
toughness (Kic) was calculated using the equation, K;; = 0.018 X (E/H)%>(Pc™1%),
where E is Young’s modulus in GPa, H is Vickers hardness in GPa, P is load in Newton
(9.81 N), and c is the median crack length from the center of the indent to crack tip in
meters.(19) The values of Hv and indentation Kc are averaged from ten reliable

indentations.
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Results and Discussion

TiB2 sputter-deposited B4C powder

Fig. 1a shows the XRD pattern of sputter-deposited B4C powder as compared to
the as-received. The as-received B4C powder contained surface oxide (boric acid, H:BO3)
and free carbon (graphitic) as additional phases. After the sputter deposition, it showed an
additional weak and broad peak around 45° two thetas, which matches to TiB; or Ti. TEM
coupled with EDX was employed to confirm the presence of a surface coating on the B4C
powder (Fig. 1b). The elemental maps revealed the presence of Ti that continuously covers
B4C powders, indicating that a surface coating containing Ti was formed on B4C powders.
The thickness of the surface coating was estimated to be several nhanometers according to
the high magnification elemental analysis focused on the edge of powders (Supplementary
Fig. 1). It should be noted that oxygen was also detected from the surface coating. The

origin and the treatment of the oxygen are discussed later.

The sintered body of sputter-deposited B4sC powder and comparison to the
conventional particulate mixing method

The sputter-deposited powder was hot-pressed at 2100°C for 60 min under 50 MPa
in Ar gas, of which the XRD pattern and SEM micrograph are shown in Fig. 2 (2a and 2b).
It is evident by the XRD pattern that TiB> is formed during sintering. Phase quantification
(Rietveld refinement) reveals 2.3 wt% of TiB2 was incorporated into the composite. As a
comparison, a B4C-TiB, composite was prepared by ball milling B4C/TiB; particulate
mixture and hot pressing at the same conditions (Fig. 2c). For consistency, the TiB2 amount
(2.4 wt%) was designed to be close to that of the sputter deposition sample. The sputter

deposition sample (Fig. 2b) showed more uniform dispersion of TiB, with finer particle
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size (0.47 £ 0.05 pm) compared to the ball milling sample (1.78 £ 0.2 um; Fig. 2c). When
mechanical properties compared, no significant differences were observed between the
sputter deposition sample and the ball milling sample: indentation fracture toughness, 2.54
+0.14 vs 2.55 + 0.09 MPa-m*?; hardness, 30.5 + 1.1vs 30.3 + 0.9 GPa. The above results

indicate that sputter deposition can serve as a route to add a small amount of TiB: into B4C.

Effect of small amount TiB2 addition

To investigate the effect of small amount TiB. addition on the fracture behavior,
toughness, and density of B4C, variations in TiB, addition were made by adjusting
sputtering power. Fig. 3a shows the crack propagation behavior observed. Cracks
frequently deflect at the B4C-TiB: interfaces, likely due to the residual stress which is
estimated to be 480-660 MPa (See the supplementary information Calculation of the
residual stress). Fig. 3b shows the indentation fracture toughness and Vickers hardness as
a function of TiB; addition amount. TiB, amount was analyzed using Rietveld refinement
of XRD pattern (the reliability factors were less than 5%). TiB2 addition of 2 wt% and more
brought improvements in indentation fracture toughness (for 2.3 wt% TiB2, 15%
improvement compared to monolithic B4C). The improvements can be attributed to the
combination of crack impeding by TiB2 grains and crack deflections at the B4C-TiB:
interface. TiB; addition also resulted in a slight increase in hardness within the margins of
standard deviations (for 2.3 wt% TiB2, 2% improvement). We attribute the increase in
hardness to the decrease in grain size as shown in Fig. 7c and 7d. TiB2-added B4C (7¢)
showed smaller grains (730 £ 60 nm) compared to monolithic B4C (930 £ 90 nm). TiB>
played as a grain growth inhibitor as well as reinforcement for B4C. The above results

suggest that a small amount TiB; addition is an effective way to improve the fracture
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behavior and toughness of B4C while not sacrificing its outstanding lightweight property
to a large extent. 2.3 wt% TiB. addition showed a 15% improvement in indentation fracture
toughness while resulting in a < 2% increase in density.

Another purpose of this study was to examine the effect of TiB> addition through
sputter deposition on the grain boundary of B4C. Fig. 4 shows TEM micrographs and Ti-
elemental maps of TiBz-added B4C through sputter deposition and hot pressing. Neither
formation of the Ti-containing phase nor Ti segregation at grain boundary was observed.
This result indicates that the surface coating formed by sputter deposition does not stay at

the grain boundary during sintering likely due to the poor wettability of B4C.(20)

Challenges in obtaining dense bodies of TiB:2 sputter-deposited B4sC

We encountered several technical challenges while fabricating B4C-TiB>
composites using sputter deposition and hot pressing. The oxygen-enriched layer was
found on the surface of the sputter-deposited powder (Fig. 1b). The EELS spectrum of the
surface coating showed distinctive L2 and L3 edges of Ti that are close to what is reported
for TiO2 (Supplementary Fig. 2). (21, 22) These results suggest that sputter-deposited TiB>
surface coating has oxidized to TiO2 and H3sBOs upon exposure to air. The presence of
oxides typically hinders the densification of B4C by contributing to both the evaporation-
condensation process and the formation of closed pores. (23-25) Thus, the surface oxide of
base B4C powder was washed off before sputter deposition and the sputter-deposited
powder was stored in an inert environment. The thus obtained powder showed reduced
oxygen content: O:Ti changed from 3.6:1 to 2:1 (Supplementary Fig. 3). The fully dense

microstructure shown in Fig. 2b was achieved after reducing the oxygen content in the
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surface coating. The microstructure of the sintered body before reducing the oxygen

content can be found in Supplementary Fig. 4.
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Summary

In search of ways to improve the fracture behavior and toughness of B4C while not
sacrificing its outstanding lightweight property to a large extent, a small amount TiB:
addition (< 5 wt%) was investigated through sputter deposition combined with hot
pressing. According to crystallographic and microstructural characterizations and

mechanical properties evaluation, the following conclusions have been made.

a) Sputter deposition can serve as a route to add small amount TiB; into B4C, showing
more uniform dispersion of TiB. grains with smaller sizes (0.47 + 0.05 pm) as compared
to the conventional ball milling (1.78 + 0.2 um). Dense bodies of TiB: sputter-deposited
B4C have been achieved by reducing the oxygen content in the surface coating by means
of washing base B4C powder and storing the sputter-deposited powder in an inert

environment.

b) 2.3 wt% TiB> addition showed a 15% improvement in indentation fracture toughness
while resulting in less than 2% increase in density. The improvement can be attributed to
the combination of crack impeding by TiB: grains and crack deflection at the B4C-TiB:
interface. TiB: also played as a grain growth inhibitor resulting in a slight increase (2%) in

Vickers hardness.

c¢) No formation of the Ti-containing phase or Ti segregation at grain boundary has been
observed, indicating that the surface coating formed by sputter deposition does not stay at

the grain boundary during sintering likely due to the poor wettability of B4C.
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Fig. 1. (a) XRD pattern of TiB2 sputter-deposited B4C powder as compared to as-received.

(b) TEM micrograph and corresponding elemental maps of sputter-deposited powder.
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Fig. 2. (a) XRD pattern of the sintered body of TiB> sputter-deposited B4C as compared to
that of as-received B4C. (b) SEM micrograph of the sintered body (sintering conditions:
2100°C for 60 min under 50 MPa). (c) B4C-TiB: prepared through conventional particulate

mixing (sintering conditions: 2100°C for 60 min under 50 MPa).
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Fig. 3. Effect of small amount TiB; addition into B4C on (a) the crack propagation behavior
and (b) the indentation fracture toughness and Vickers hardness. (c) and (d) show TEM
micrographs of TiBz-added B4C (TiB. addition: 2.3 wt%) and (d) Monolithic BaC,

respectively. The bright phase in (c) is TiBa.
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Fig. 4. TEM micrographs and Ti-elemental maps focusing on grain boundaries of TiB>
added B4C through sputter deposition and hot pressing. (a) TEM micrograph of the sintered
body. (b) the area marked in (a) and corresponding Ti-elemental map, which shows a whole

grain of B4C. (c) Zoomed-in grain boundary and corresponding Ti-elemental map.
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Supplementary Figures

Supplementary Figure 1. TEM micrograph and corresponding elemental maps of sputter-

deposited powder focusing on the surface coating formed on B4C powder.
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Supplementary Figure 2. EELS spectrum obtained from the surface coating on the B4C

powder after sputter deposition.
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Supplementary Figure 3. EDX spectra obtained from the sputter-deposited powder before
(blue) and after (red) washing the base powder and storing the sputter-deposited powder in
an inert environment. The spectra were taken using EDX spectroscopy equipped in FE-

SEM.
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Supplementary Figure 4. The microstructure of the sintered body of sputter-deposited
B4sC powder before reducing the oxygen content in the surface coating (sintering

conditions: 2100°C for 60 min under 50 MPa).
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Supplementary Information

Calculation of the residual stress

The residual stress at the B4C-TiB: interface using the following equation. (1)

1 y (ap — am) X AT
Om =—3
2 ekl l(l - 2%)]
2En, E,

where the subscripts m and p refer to the matrix and particulate, respectively, o is the
thermal expansion coefficient, A7 is the temperature range over which stresses are not
relieved by a diffusive process, v is the Poisson’s ratio, and E is Young’s modulus. By
taking 7.4x10%°Ct and 4.5x10°°C™* for ap (TiB2)(2) and am (B2C)(3), 0.108 and 0.18 for
vp (TiB2)(2) and vm (B4C)(4), 565 GPa and 430 GPa for E, (TiB2)(2) and Em (B4C)(5), one
finds that for 47=800~1000°C compressive residual stress between 480-600 MPa can
develop in the B4C matrix around TiB: grains. The values are close to that for SiC-TiC
composite (500 MPa for 47=1000°C), which shows crack deflections at the interface due

to residual stress. (1)

References

1. Wei GC, Becher PF. Improvements in mechanical properties in SiC by the addition
of TiC particles. Journal of the American Ceramic Society. 1984,67(8):571-4.

2. Munro RG. Material properties of titanium diboride. Journal of Research of the
National Institute of Standards and Technology. 2000;105(5):709.

3. Ridgway RR. Boron Carbide A New Crystalline Abrasive and Wear-Resisting
Product. Transactions of The Electrochemical Society. 1934;66(1):117-33.

4. Thévenot F. Boron carbide - A comprehensive review. Journal of the European
Ceramic Society. 1990;6(4):205-25.



120

5. Xie KY, Kuwelkar K, Haber RA, LaSalvia JC, Hemker KJ. Microstructural
Characterization of a Commercial Hot-Pressed Boron Carbide Armor Plate. Journal of the
American Ceramic Society. 2016;99(8):2834-41.



121

CHAPTER 5

Fabrication and Characterization of Arc Melted Si/B Co-doped Boron

Carbide

Qirong Yang?, Chawon Hwang"", Christopher J. Marvel?, Ankur Chauhan?, Vladislav
Domnich?, Atta U. Khan?, Jerry C. LaSalvia*, Martin P. Harmer?, Kevin J. Hemker?, and

Richard A. Haber®”

!Department of Materials Science and Engineering, Rutgers, The State University of New

Jersey, Piscataway, NJ 08854, USA

2Department of Materials Science and Engineering, Lehigh University, Bethlehem, PA

18015, USA

3Deparment of Mechanical Engineering, Johns Hopkins University, Baltimore, MD

21218, USA
“Army Research Laboratory, Aberdeen Proving Ground, MD 21005, USA

*Corresponding authors’ emails: ch596@soe.rutgers.edu & rich.haber@rutgers.edu

Address: 607 Taylor Road, Piscataway, NJ 08854, USA. Tel: +1(848) 445-5924, Fax:

+1(732) 445-5926.


tel:+1

122

Abstract

Boron carbide undergoes stress-induced amorphization when subjected to large
non-hydrostatic stresses that exceed its elastic limit. This has been proposed as the source
for the abrupt loss of shear strength in boron carbide which limits its engineering
applications. Si/B co-doping was suggested as one of the means to suppress stress-induced
amorphization but this has not been experimentally verified. Here, by utilizing arc melting,
we prepared Si/B co-doped boron carbide with increased Si content as compared to
conventional methods. Through Raman analysis in conjunction with an indention and
elemental analyses based on SEM and STEM ({-factor microanalysis), it is suggested that
Si/B co-doping is a promising avenue for suppressing stress-induced amorphization. A
comprehensive characterization of microstructure, chemistry, and structural change of

boron carbide as a result of Si/B co-doping was elucidated.

Keywords: Boron carbide, Arc melting, Si/B co-doping, Stress-induced amorphization,

Transmission electron microscopy
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Introduction

The remarkably high hardness (~40 GPa) and low density (2.52 g/cm?®) of boron
carbide are rooted in its strong covalent bonds and crystal structure. It is comprised of 12-
atom icosahedra located at the vertices of a rhombohedral crystal (R3m space group) and
a 3-atom linear chain along the longest diagonal [1-5]. Although boron carbide is most
notably used as a armor ceramic, it suffers from localized stress-induced amorphization
during high impact events which limit its effectiveness against high-velocity projectiles [6,
7]. Stress-induced amorphization in boron carbide has been described as the
inhomogeneous loss of crystalline order in localized zones scattered within a crystalline
volume, forming nano-scale bands with large aspect ratios [6, 8, 9]. Experimentally, stress-
induced amorphization has been observed in high-pressure events including ballistic
impacts [6], laser shock compression [10], diamond anvil cell compression [11-13],

mechanical scratching [9, 14], as well as dynamic and quasi-static indentations [15-17].

The mechanism of stress-induced amorphization in boron carbide has been
extensively modeled by numerous studies [7, 12, 18-21]. This solid-state transition is
thought to be initiated by the bending of the 3-atom chain [12, 20-22]. An et al. [7] found
that breaking of the intra-icosahedra initiates the failure process but also emphasized that
the bending of the 3-atom chain created a strong covalent bond between the center C atom
of the chain and B atom in the icosahedra. The bond distorted the icosahedra, resulting in
irreversible structural damage and the total decomposition. Using laser-assisted atom probe
tomography, Xie et al. [23] demonstrated that the inter-icosahedra bonds are the weakest,
suggesting breakage in the icosahedra could be a source for triggering amorphization.

Using the Gibbs free-energy approach, Fanchini et al. [24] found that boron carbide
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composed of B1:C icosahedra and C-B-C chain denoted as B11C(CBC), can subsequently
transform into B12(CCC) through atom swapping at elevated pressures. The B12(CCC)
polymorph further degenerates into alternating layers of graphite and B1. icosahedra which
is what the authors of the study presume an amorphous band contains. Localized melting
has also been suggested as the origin of the amorphization [25]. Mechanical scratch tests
performed on boron carbide submerged in water (a medium to remove heat) resulted in less
amorphization, suggesting a rise in temperature played a role in facilitating amorphization.
Based on strain energy to thermal energy relationship, Zhao et al. [10] estimated that
localized melting for boron carbide is plausible at elevated pressures. Awasthi et al. [26]
further added that defects and inhomogeneity present in the material act as sources for

stress-concentrations, causing a spike in local pressure which leads to localized melting.

Despite having mixed views on the origin of amorphization, atomistic fine-tuning
the structure and chemistry of boron carbide remain the most promising pathways for the
mitigation of stress-induced amorphization. Using density functional theory (DFT)
simulation, Fanchini et al. [27] proposed that replacing the C atom in the icosahedra with
a Si atom can lower the abundance of B12(CCC) polymorph, believed to be the most
susceptible to the loss of crystallinity, and thus minimize amorphization. An et al. [18]
suggested, based on DFT simulation, that amorphization could be prevented by replacing
the C-B-C chain with a Si-Si pair. However, Rietveld refinement of XRD data for an
experimentally prepared Si-doped boron carbide indicated that Si occupies an interstitial
site adjacent to the vacancy in the X-o-X chain (o for vacancy, X = B or C), resulting in a
kinked chain [28]. Based on this finding, Khan et al. [28] hypothesized that vacancy sites

are the weak points that facilitate amorphization [28]. Computational work by Taylor [29]
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also suggested that the presence of vacancies lowers the energy barrier for the solid-state
phase transition, e.g. amorphization. Khan et al. [28] further asserted that the benefit of
substituting the vacancy with Si is two-fold: (1) Si reinforces the structure by creating new
covalent bonds with the chain ends and nearby icosahedra and (2) Si donates an electron
to stabilize the electron-deficient icosahedra. Given the prevalence of vacancies in boron
carbide, up to 25% across its stoichiometric range [30], it is desirable to incorporate as

much Si into the structure as possible.

There are numerous ways Si can be incorporated into the structure of boron carbide,
forming a solid solution generally referred to as B12(B,C,Si)s. Reaction bonded boron
carbide with silicon has been reported to form a boron carbide core and Si-doped rim
structure [31, 32]. Si-doping can also be achieved using high-energy ball-milling with
boron carbide and Si powders [33] and through growing nanorods via a solid-liquid-solid
process [34]. These processes achieve 1.2 and 0.38 at.% of Si in boron carbide,
respectively. Proctor et al. [13] produced 0.6-1.6 at.% Si-doped boron carbide in the bulk
by first growing the Si-doped nanorods and then consolidating them using spark plasma
sintering. Moreover, they were the first to demonstrate that Si-doped boron carbide bulk
can withstand higher pressure than undoped boron carbide before experiencing
amorphization through a diamond anvil cell (DAC) compression study [13]. The
aforementioned studies, however, have a low B/C ratio by design (4/1) which does not
allow for high Si content in B12(B,C,Si)s. The experimental phase diagram suggests that Si
content is the highest in B12(B,C,Si)s when the B/C ratio is approximately 6.5 and
diminishes as the composition moves toward either the carbon-rich end (B/C ~ 4) or the

boron-rich end (B/C ~ 10) [35]. To increase the Si content in B12(B,C,Si)s, many authors
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[28, 35, 36] deliberately included excess B in their experiments. In particular, Khan et al.
[28] achieved 1.1 at.% Si in boron carbide by using reactive sintering of boron carbide,
silicon hexaboride, and amorphous B powders. It should be noted that B-doping (without
Si) is also speculated to reduce stress-induced amorphization. Quantum molecular
dynamics (MD) simulations demonstrated that B-doped boron carbide has a higher shear
strength than the stoichiometric “B4C” (when B/C = 4) [37] which in turn impedes the
stress-induced amorphization. Furthermore, Si- and B-doped (denoted as Si/B co-doped)
boron carbide is also conjectured to suppress stress-induced amorphization [28], possibly
benefiting from both Si- and B-doping, but this hypothesis remains to be experimentally

verified.

The amount of Si content in the B12(B,C,Si)3 also depends on the processing
temperature. According to Kieffer et al. [36], the Si content increases with an increase in
processing temperature. Telle et al. [35] determined that the maximum solubility of Si is
2.5+ 0.3 at.% at 2050 °C. For the purpose of increasing the Si content in B12(B,C,Si)3, it
is desirable to seek new processing methods that can reach temperatures higher than the
conventional methods. Here, arc melting is used as a new avenue for the synthesis of Si/B
co-doped boron carbide for its high processing temperature. We aim to i) to demonstrate
the feasibility of arc melting as an avenue to synthesize B12(B,C,Si)s with increased Si
content, ii) experimentally verify the supposed amorphization mitigation due to Si/B co-
doping, and iii) provide a comprehensive understanding of the microstructure, chemistry,

and structural change of boron carbide as a result of Si/B co-doping.
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Materials and Methods

Processing

Powders of boron carbide (Grade HD20, H.C. Starck), amorphous boron (Grade I, H.C.
Starck), and silicon (Acros Organics) were mixed according to B:C:Si atomic ratio of
78:12:10. A starting Si content of 10 at.% was chosen because it was anticipated that some
would be lost to vaporization at the arc melting temperature (>3000 °C). A total of 0.5¢
powder mixture was then cold-pressed in a 6 mm steel diameter die without binder additive.
The pellet was melted under argon (99.999% purity) flow using a lab-scale benchtop arc
melter (5SA, Centorr Vacuum Industries). The melt was allowed to recrystallize and cool
to room temperature and melted again a total of 5 times to ensure homogeneous mixing.
An unmixed 0.5 g of pure boron carbide powder was also cold-pressed and melted in an
identical fashion to serve as a control group. Ingots were sectioned using a diamond wheel

and polished using diamond embedded pads down to 0.25 pm.

X-ray diffraction

For XRD, part of the sectioned ingots was crushed into powders using a steel
mortar. Powder diffraction was performed using an X’Pert Pro diffractometer
(PANalytical) with Cu K« radiation. The peak positions were corrected using a silicon

standard (SRM 640e, NIST) [38].

Microstructural imaging and composition semi-quantification

Mirror finished samples were imaged using a field emission scanning electron
microscope (FE-SEM; SIGMA Zeiss) equipped with energy-dispersive X-ray
spectroscopy detector (EDS; Oxford Instruments). Elemental mapping and chemical

compositions were revealed using SEM-EDS spectrum imaging. Transmission electrode
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microscope (TEM) specimens were prepared from Si/B co-doped and undoped samples by
tripod polished using diamond embedded pads and then thinned to electron transparency
using argon ion polishing (PIPS, Gatan). Submicron features were subsequently imaged
using a transmission electron microscope (Technai TF30) with 300 KV electron

accelerating voltage.

Chemical quantification

High resolution chemical compositional analysis was conducted by employing (-
factor microanalysis, which is an analytical transmission electron microscopy EDS
approach that enables X-ray absorption corrections [39]. This approach has recently been
applied accurately to the B-C-Si system [40] and detailed explanations of the {-factor
method can be found in several publications [39, 41, 42]. First, thin specimens were
prepared using the in-situ lift-out method within a focused ion beam (FIB, FEI SCIOS).
The specimens were subsequently imaged and STEM-EDS spectrum imaging was
conducted using an aberration-corrected instrument (JEOL ARM-200CF) equipped with a
JEOL 100 mm? silicon drift detector. The B and C K-lines and Si Ka (-factors were
determined using SiB6, high purity SiC, and a standard glass film (NIST SRM 2063a [43]),

respectively [40].

Raman spectroscopy and amorphization analysis

Vickers indents were placed in Si/B co-doped and undoped polished surfaces to
activate stress-induced amorphization using an automatic hardness tester (VH3300,
Wilson) with 4.9 N force. Raman data was collected using an inVia Reflex Raman
microscope (Renishaw) equipped with 532, 622, and 830 nm lasers. Amorphous zone

distributions within the hardness indents were evaluated using a 532 nm laser with a spatial
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resolution of 0.5 um (100x objective). The Raman spectra were deconvoluted using WIRE
4.2 software. Fig. 1 depicts Raman spectra in the high-frequency regime of pristine boron
carbide (p-BC), amorphous boron carbide (a-BC), and boron carbide with graphitic
features. The p-BC spectrum is characterized by 4 or more convoluted crystalline peaks,
namely around 930, 960, 1000, and 1090 cm™. The a-BC is characterized by 3 broad bands
at 1330, 1520, and 1810 cm™ in addition to the crystalline features. Graphitic contamination
is often observed in boron carbide, which is indicated by the D and G peaks in addition to
the a- or p-BC Raman peaks [44]. Since the graphitic peaks share similar wavenumber
positions with the 1330 and 1520 cm™ amorphous boron carbide peaks, only the 1810 cm-
! peak is considered when determining the presence of amorphous boron carbide. The
intensity of amorphization is obtained by normalizing the 1810 cm™ amorphous peak with
respect to the sum of the pristine boron carbide peaks. A pseudocolor map was used to
illustrate the relative distribution of amorphization intensity inside the indent imprints.
Amorphization intensity is semi-quantified by summing over the pseudocolor map and then
dividing by the probed area in order to account for the difference in indent size. A total of
5 indents were analyzed for Si/B co-doped and undoped boron carbide in order to compare

the effect of doping on the suppression of amorphization.
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Results and Discussion

Bulk phase identification

Fig. 2 shows XRD patterns of arc melted Si/B co-doped boron carbide and undoped
boron carbide. Only stoichiometric “B4sC” (when B/C = 4) is identified in the undoped
sample while Si, SiBg, and doped boron carbide phases are found in the Si/B co-doped
sample. The presence of SiBes and free Si suggests that not all B and Si participated in
doping of boron carbide, but instead part of them reacted to form SiBs. According to Clark
et al. [45], position shift in the (201) peak (37.805° two thetas) indicates contraction or
expansion of the crystal lattice [45, 46]. For the Si/B co-doped sample, this peak is shifted
towards lower two thetas indicating that the incorporation of B, Si, or both leads to an
expansion of boron carbide crystal lattice. In addition, the broadening of the peaks suggests
that the dopant content is nonuniform because a single-phase homogeneous sample would
result in a clear peak separation between Ko-1 and Ka-2 doublet. Peak broadening may

also result from an increase in planar defects such as twins and/or stacking faults [47].

Microstructural characterization

Dense single-phase and multiphase microstructures are found in undoped and Si/B
co-doped samples, respectively, as shown in Fig. 3a and 3b. Large cracks formed in the
undoped sample while only smaller cracks form in the Si/B co-doped sample. The cracks
are likely due to thermal shock as a result of the fast cooling rate inherent to the arc melting
process. In the multiphase material, the cracks are impeded by the secondary phases,
especially by a more ductile material such as Si. SEM-EDS mapping was performed on the
Si/B co-doped sample to highlight the elemental distribution, shown in Fig. 3c. It is

apparent that the spatial distribution of elements is not uniform, including at least three
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distinct phases with varying levels of Si concentration (Z contrast), thus confirming the
findings of XRD. Regions deficient of Si are common and typically correlated with large
areas of B and C, suggesting these regions as undoped boron carbide (white circles).
Locally, pockets, where Si, B, and C coexist, are interpreted as Si/B co-doped boron

carbide (yellow circles).

Microstructures of both the undoped and Si/B co-doped specimens were examined
by TEM and are shown in Fig. 4a and 4b. The most striking difference between the samples
is the presence of a high density of planar defects in the Si/B co-doped sample. In contrast
very few were observed in the undoped sample. Higher magnification images (Fig. 4c and
4d) show the planar defects found in the Si/B co-doped sample are stacking faults and that
the stacking fault density varies substantially. EDS was performed in Si/B co-doped boron
carbide and confirmed the area of interest was Si and B co-doped. The high density of
stacking faults have been documented for B enriched boron carbide [48]. However, B-rich
boron carbide is also accompanied by a high density of twins, which is not found in the
Si/B co-doped boron sample. The differences in the microstructure are unlikely caused by
the processing method (melting and fast cooling) as both samples were fabricated in the
same way. This suggests that the incorporation of Si and B lowers the stacking fault energy
in boron carbide. Though the addition of alloying elements is reported to lower the stacking
fault energy in metals, for example in Cu-Al alloys [49], this phenomenon is not well

understood in ceramics.

Phase identification using Raman spectroscopy
While microstructure-phase correlation can be established through a combined

analysis of XRD and EDS mapping, Raman spectroscopy can readily provide this
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information over a large area of the microstructure as well as additional insight into the
compositional variation within a phase. In Fig. 5, only “B4C” spectra [48] were found in
the undoped sample while numerous phases were identified in the Si/B co-doped sample.
These phases include SiBe, B-doped Si, undoped boron carbide, B-doped boron carbide,
and Si/B co-doped boron carbide. SiBs is characterized by the presence of the 175 cm™
band [28]. The presence of a 300 cm™ peak and the formation of a minimum at 496 cm
found in the B-doped Si spectrum are indications for B-doping with [B] > 2x10% cm™ [50].
B-doped boron carbide is characterized by a drop in intensity of the 270 cm™ band and a
visible downshifting in the 1090 cm™ band [51]. Si/B co-doped boron carbide (denoted as
Si/B BC240) is marked by the absence of the 270 and 320 cm™ doublets and the formation
of the 240 cm® peak [28]. A small shoulder, to the left of the 240 cm™, is attributed to the
formation of the 210 cm™ peak. The intensity of the 210 cm™ shoulder intensifies and
becomes a distinct peak (denoted as Si/B BC>10) as the probed regions move closer to the
Si source. The apparent correlation between 210/240 cm™ and Si source has been
mentioned by Jannotti et al. [31], when they performed a Raman line scan across an
undoped boron carbide core-Si-doped rim structure in a Si infiltrated boron carbide

ceramics. This correlation will be further investigated in the later text.

Structural modification due to Si/B co-doping

In order to investigate the structural modification due to B and Si doping, a region
varying in B/C ratio and Si contents was identified using SEM-EDS and Raman line scans,
labeled “line scans” in Fig. 5a. Fig. 6a shows enlarged optical and SEM images of the area
of interest, along with a marked line representing the Raman scan originating from the

center of grain I (Si-BCaa0), across grain Il (Si-BC210), and into B-doped Si. B/C ratio and
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Si contents are displayed in Fig. 6b and 6c, respectively. The selected Raman spectra
acquired from the line scan are plotted in Fig. 6g. In a typical boron carbide Raman
spectrum at ambient conditions (undoped reference), the peaks in the high-frequency
regime (530-1300 cm™) are attributed to the vibration modes originating from the
icosahedra [4, 48, 52, 53]. The narrow band at 480 cm™ is associated with the stretching of
the 3-atom chain [52, 54]. The low-frequency Raman bands in boron carbide, such as the
320 and 270 cm™ doublets, are attributed to disorder-activated acoustic phonons [1, 48,
54]. Modifications in icosahedra and the 3-atom chains would result in noticeable peak
position changes in the Raman spectra. Fig. 6d-6f depicts the peak positions and intensities
of the 480, 530, and 1090 cm™* Raman bands with respect to the B/C ratio and Si content.
(Analysis in “Grain II”” was not possible and was removed due to the abnormally high 210
cm™? peak intensity, as shown in Fig. 6g.) As the B/C increases, particularly in the
transition, we observe a sharp decrease in the 1090 cm™ peak position (Fig. 6d), consistent
with the findings in the literature [48, 51, 55]. This observation has been attributed to
volume expansion due to B substitutions in the icosahedra [48, 51], but the downshift of
the 1090 cm™ peak could also be attributed to an increase in lattice constant to
accommodate Si atoms. We also like to point out that the downshifting in the 1090 cm™
peak could also be interpreted as an accumulation of local residual stress [56], specifically
tension. Since there is a large chemical gradient across a narrow region, the mismatch in
the lattice constants between boron carbide with higher B/Si contents and those with lower
contents could result in a stress gradient. We observed a downshift in the 530 cm™ peak as
the B content increases (Fig. 6e). The new position of the 530 cm™* peak closely resembles

the 527 cm™ in alpha-B [52], which are made of Bi, icosahedra, further indicating the
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proliferation of Bi2 icosahedra. The upshift in the 480 cm™ peak position (Fig. 6f) would
indicate a stronger inter-chain bonding, possibly due to the newly formed covalent bonds
between Si and the atoms at the chain ends (X-Si-X kinked chains). These observations are
accompanied by the formation of the 1170 cm™ band, which is commonly found in B-

doped boron carbide [48, 51].

Correlation between 210/240 cm™* Raman peak intensities and Si content

As compared to the reference undoped boron carbide spectrum (Fig. 6g), grain | is
Si/B co-doped, evident by the absence of the 270 and 320 cm™ doublets and the formation
of the 240 and 210 cm™ bands [28], along with a downshift in the 1090 cm™ peak. As the
line scan approaches the transition between the two grains (scan distance of 5-6.5 pum in
Fig. 6g), the 210 cm™ band intensifies significantly. Grain 11 is mainly defined by the 210
cm™ peak. We attribute the formation of 210 cm™ band to heavy Si-doped boron carbide
since this peak was only found near the Si source and cannot be assigned to other phases
identified in this specimen. Upon reaching the Si source at 13.5 pm, characteristics of
heavily B-doped Si appear, such as the formation of the 300 cm™ peak and the development
of the local minimum at 495 cm™. Partial 210 cm™* peak intensity is visible in the free Si
spectrum since some Si/B co-doped boron carbide remains inside the free Si, marked with

red circles in Fig. 6a.

The correlation between the peak intensities of the 210 and 240 cm™ bands and Si
content was studied by comparing their normalized peak intensities to Si content. The
normalized intensities of the 210, 240, and 300 cm™ peaks, with respect to the 1090 cm*
peak, were plotted as a function of scanned distance in Fig. 7. Si content acquired from the

SEM-EDS line scan was superimposed over the intensity plot to understand the correlation
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between the two results. The data at the transitions as well as in the Si grain were removed
in order to focus on the correlation between the 210 and 240 cm™ peak intensities and the
Si content. It appears that the lower Si content (<1.5 at.%) is characterized by the mainly
240 cm™ peak while higher Si content (>1.5 at.%) is predominately 210 cm™ peak. The
Raman spectrum acquired from Grain I, with low silicon content (<1.5 at.%), is similar to
that of the reported Si/B co-doped boron carbide with 1.1 at.% [28], which also only

showed the 240 cm™ peak.

Implication for lattice defects due to Si-doping

As mentioned previously, 320 and 270 cm™ doublets are attributed to disorder-
activated acoustic phonons [1, 48, 54]. The intensities of the doublets scale strongly with
excitation energy, particularly for the near-IR lasers. Given the similarity in wavenumber
position of the Si-doped peaks (210 and 240 cm™) to the disorder-activated doublets and
the unusually high intensity of the 210 cm™ peak, Si-doped Raman spectra were
investigated using lasers with various wavelengths: 532, 633, and 830 nm. Raman spectra
acquired from undoped boron carbide, grain I, and grain |1, using various lasers, are plotted
in Fig. 8. Similar to the literature [17, 48], the 270 and 320 cm™ peak intensities scale
positively with an increase in incident laser wavelength (decrease in laser energy). This is
evident by comparing the peak intensities of the 270 and 320 cm™ peaks with that of the
1090 cm™ peak in the same Raman spectrum. Likewise, the 240 and 210 cm™ peaks also
show intensity dependency with excitation energy, but more strongly in 210 compared to
240 cm™. This finding suggests that the 210 and 240 cm™* Raman bands are also related to
disorder-induced acoustic phonons as opposed to Khan et al.’s assertion that the 240 cm™

band originates from a new vibrational mode as a result of a new bond created between Si
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and the adjacent icosahedron [28]. From this, we deduce that Si-doping is responsible for
creating more lattice defects, possibly by forming kinked chains as identified by Khan et
al. [28]. It is also possible that as Si atoms saturate the X-o-X (X for C or B) vacancies,
the additional Si atoms occupy a new location further disrupting the lattice order, indicated
by an intense increase in the 210 cm™ peak intensity beyond about 1.5 at.% Si. The possible
location of the second site for the Si atom has been speculated, such as in the Si-Si-X (X
for C or B) 3-atom chain [27] or in the Si-X-Si-X 4-atom chain [35], where the second Si
takes an interstitial space between neighboring icosahedra just above the linear chain. It’s
important to note that the linear chain lies along the c-axis (hexagonal notation) in boron
carbide. A sharp increase in the c-lattice parameter has been measured in the B12(B,C,Si)3
as the Si content increases [35], making the latter speculation promising. a- and c-lattice
parameters vs B content from B-doped and Si/B co-doped boron carbide are summarized
in Fig. S1. DFT simulations combined with in-depth crystallographic analysis would be

required to confirm the stability of the suggested structure modifications.

Absolute elemental quantification of Bi12(B,C,Si)3

Elemental quantification of Si/B co-doped boron carbide was further characterized
using STEM-EDS and (-factor microanalysis for their high spatial resolution and accurate
absorption correction, respectively. A specimen near a Si source was extracted using FIB
to be evaluated for the maximum Si content in boron carbide. Fig. 9a shows a high-angle
annular dark-field image of the cross-sectional specimen. STEM-EDS spectrum images
were acquired in the location marked by the blue arrows and integrated line scans, in the
direction of the blue arrows, were extracted to determine the Si gradient leading to the B-

doped Si grain. In Fig. 9b, the Si content at the beginning of the scan is around 2.5 at.%
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and increases marginally to around 2.8 at. % at around 3.8 um. This trend is accompanied
by a slight increase in the B/C ratio from 7.5 to 8. From 3.8-4.5 um, the Si and B/C ratio
increased considerably to 3.5 at.% and 10.5, respectively. EDS scan I, in Fig. 9c, shows
the mirror image of scan |, a decrease of Si and B/C ratio as the scan moves away from the
Si source. The Si and B/C ratio increase again as the scan moves closer to the second Si
source at the right side of the EDS scan Il. Si content in EDS scan | is slightly higher,

attributed to having a larger Si source engulfing the region.

There are two factors that govern the elemental contents in boron carbide, namely
processing temperature and cooling rate. As Kieffer [36] and Telle [35] pointed out, the
solubility of Si in boron carbide increases with processing temperature. During the arc
melting temperature (>3500 °C), boron carbide, B, and Si exist as a supersaturated
B12(B,C,Si)3 liquid. As the liquid cools, Si and B exsolve from the liquid to form SiBs and
B-doped Si. Because the cooling rate in not instantaneous, evident by the gradients in Si
and B contents, some B and Si are in a transient state nearest to the Si sources, which give

rise to the high Si and B.

Suggested amorphization mitigation by Si/B co-doping

Si/B co-doped boron carbide has been predicted to reduce stress-induced
amorphization [28] but this hypothesis has yet to be experimentally verified. To validate
this claim, Si/B co-doped regions were first identified using SEM-EDS and Raman point
analysis. Next, 0.49 N Vickers intents were selectively placed in those regions in the Si/B
co-doped sample, as shown in Fig. S2, and randomly placed in the undoped sample to
activate stress-induced amorphization. The intensity of amorphization is obtained by

normalizing the 1810 cm™ amorphous peak with respect to the sum of the crystalline peaks
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after accounting for the size of the imprints. Fig. 10 illustrates the pseudocolor map of the
amorphous distribution and intensity inside the indent imprints, after evaluating 5 indents
for each specimen. Both pseudocolor maps show that the highest amorphization intensity
is found near the center of the indents. This finding is expected since the apex of the
indenter yields the highest pressure. The undoped pseudocolor map, on average, showed
higher intensities inside the indent. Since each pixel carries an intensity, we can obtain a
total amorphization intensity by summing each pixel intensity and dividing it over the
scanned area. We found a 31% reduction of total amorphization intensity in the Si/B co-
doped sample. By counting the number of pixels in each indent, we can estimate the size
of the amorphous area. We found a 25% decrease in the amorphous area in the Si/B co-
doped specimen. We want to emphasize that our semi-quantitative assessment using
Raman phase mapping is limited to only the surface of the imprint. The quasi-plastic zone
extends far beneath the probing volume of the Raman laser (532 nm) employed in our study
[15, 57]. Thus, our results only suggest that Si/B co-doping could alleviate amorphization
on the surface and allude that it could possibly mitigate amorphization throughout the entire
quasi-plastic zone. A separate TEM study that examines the role(s) Si/B co-doping has on
the deformation behavior of boron carbide beneath the surface was conducted concurrently

with this study and the results were submitted as a separate publication.

There are several possible reasons why Si/B co-doping could alleviate stress-
induced amorphization in boron carbide. The onset of amorphization is thought to initiate
by the bending of the 3-atom chains, followed by the formation of a strong covalent bond
between the C atoms in the icosahedra with the center B atoms in the 3-atom chains [7].

B-doping substitutes C atoms in the icosahedra with B atoms [58, 59], which eliminates
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the strong C-B interaction required to initiate amorphization. On the other hand, Si atoms
occupy the interstitial sites adjacent to vacancies in the X-o-X chain (X = B or C), and
form new bonds with the X atoms at the chain ends and with neighboring icosahedra [28].
This substitution reduces the prevalence of vacancies, which is thought to have a propensity
for amorphization [29]. The formation of the new covalent bonds could further deter the
bending of the chains that initiates the amorphization process [7]. The presence of Si also
donates extra electrons to the electron-deficient icosahedra (-2 for B12 and -1 for B1:C) [30,
60], further stabilizing the structure. As such, the modification of both icosahedra and the
chains due to B- and Si-doping, respectively, could lead to the reduction of amorphization
in boron carbide. Atomistic details responsible for the reduction of amorphization in Si/B
co-doped boron carbide remain unsolved due to the lack of reasonable quantum molecular
dynamics (MD) simulations. We believe a model comprising of the modification of
stoichiometry, addition of Si, and possibly residual stress as a result of atomic substitution
are required to explain the interplay between the involvements of Si/B and the observed

reduction in amorphization.
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Conclusions

Si/B co-doped boron carbide was synthesized by arc melting a blend of commercial
boron carbide, silicon, and amorphous boron carbide powders. We proceeded to
characterize its microstructure, chemical composition, and the ability to suppress

amorphization due to Si/B co-doping. The key conclusions are summarized below:

1. Arc melting was utilized to successfully synthesize Si/B co-doped boron carbide
by melting a blend of commercial boron carbide, Si, and amorphous B powders. A
dense, heterogeneous microstructure was achieved with phases including B-doped
Si, SiBg, undoped boron carbide, B-doped boron carbide, and Si/B co-doped boron
carbide.

2. Raman phase mapping suggested that Si/B co-doping in boron carbide could be a
promising strategy for reducing amorphization in boron carbide. However, due to
the probing limitation of the technique, a direct observation beneath the surface
using TEM is necessary to further validate our findings.

3. TEM observation revealed a high density of stacking faults in the Si/B co-doped
sample, suggesting complex chemistry may lower the stacking fault energy in
ceramics.

4. Two low-frequency Raman peaks, 210 and 240 cm™, are associated with lattice
disorder due to Si-doping and their intensities are correlated with Si content in
boron carbide.

5. Absolute composition quantification ({-factor method) showed that 3.0 - 3.5 at.%

Si doping could be achieved in the transient state of boron carbide.
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Fig. 1. (a) Optical image of a 4.9N Vickers indent on Si/B co-doped boron carbide. (b)

Raman spectra of pristine (p-BC), amorphous boron carbide (a-BC), as well as boron

carbide with graphitic features.
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Fig. 2. XRD patterns of arc melted undoped and Si/B co-doped boron carbide from (a) 15-

40 and (b) 37.2-38.2 two thetas.
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Fig. 3. SEM images of (a) a dense monolithic boron carbide and (b) a multiphase Si/B co-
doped boron carbide after arc melting. (c) Elemental mapping of Si, B, and C of the selected

area in (b).
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Fig. 4. Bright-field TEM images of arc melted (a) undoped and (b-d) Si/B co-doped boron
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Fig. 5. Optical image of the (a) Si/B co-doped boron carbide and (b) the corresponding

phases identified using Raman spectroscopy.
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Fig. 9. (&) HAADF-STEM image of the FIB prepared Si/B co-doped specimen. (b) and (c)

chemical analysis of EDS scan | and |1, respectively.
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Fig. 10. Optical images of 4.9 N Vickers indents and the corresponding amorphization
intensity map for undoped and Si/B co-doped boron carbide. The color maps are averaged

of 5 independent results.
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Fig. S2. (a) SEM image of a 4.9 N Vickers indent placed in the Si/B co-doped boron

carbide. (b) The corresponding elemental mapping.
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Abstract

Boron carbide suffers from a loss of strength and toughness when subjected to high
shear stresses due to amorphization. Here, we report a small amount of Si doping (~ 1 at.%)
leads to a significant decrease in stress-induced amorphization due to a noticeable change
of the deformation mechanisms in boron carbide. In the undoped boron carbide, the
Berkovich indentation-induced quasi-plasticity is dominated by amorphization and micro-
cracking along the amorphous shear bands. This mechanism resulted in long, distinct, and
single-variant shear faults. In contrast, substantial fragmentation with limited
amorphization was activated in the Si-doped boron carbide, manifested by the short,
diffuse, and multi-variant shear faults. Micro-cracking via fragmentation competed with
and subsequently mitigated amorphization. This work highlights the significant roles that
solute atoms play on the structural stability of boron carbide and opens up new avenues to

tune deformation mechanisms of ceramics via doping.
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Introduction

Boron carbide is widely used in body armor and other engineering applications due
to its lightweight and high hardness (1-4). However, consolidated boron carbide loses its
strength and toughness when subjected to high-velocity threats (4, 5). The deterioration of
the mechanical properties is attributed to the formation of amorphous shear bands,
nucleated by high shear stresses generated under impact and sharp-contact loading
conditions. These amorphous shear bands act as nucleation sites for microcracks and ‘the
path of the least resistance’ for crack propagation, leading to comminuted fracture at much
lower stress levels than expected (4). Therefore, the ability to control and mitigate
amorphization could guide the design of boron carbide-based armor materials with

improved ballistic performance.

The susceptibility of amorphization in boron carbide with B4C stoichiometry could
be explained by its atomic configuration. B4C can be described using a rhombohedral unit
cell, consisting of the 12-atom icosahedra connected via the 3-atom chains. The dominant
polymorph is thought to be B11Cp(CBC), where the C atom in the icosahedra occupies the
polar sites (6-11). Density functional theory (DFT) simulations suggest that the onset of
shear-driven amorphization is triggered by the strong interactions of the polar site C atoms
in the icosahedra and the B atoms in the chains, which facilitates the unzipping of
icosahedra and the destruction of the crystallinity (6, 12). Molecular dynamics (MD)
simulations predicted that the amorphous B4C has a higher density than the crystalline
phase. When the volume is conserved due to constraints, nano-scale voids/cavities will
form and coalesce in the amorphous shear bands, leading to crack opening (13). Therefore,

tailoring the chain chemistry to reduce the icosahedron-chain interactions offers a
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promising pathway for mitigating amorphization and subsequently suppressing the

anomalous failure in boron carbide.

One effective strategy to modify the chain chemistry and structure is microalloying,
such as Si doping (14-19). Recently, Khan et al. successfully synthesized bulk single-phase
Si-doped boron carbide. Rietveld refinement analysis of the X-ray diffraction results
revealed that Si atoms occupied the chain sites, forming kinked CSiC chains (16). DFT
simulations predicted that Si-doping stabilizes icosahedra from collapsing upon shearing
and should lead to improved amorphization resistance (15, 16). However, experimental
evidence that verifies this prediction has not been conducted, although some encouraging
preliminary observations have been made (17). Moreover, the underpinning mechanisms

of how Si-doping mitigates amorphization at the microstructure-level are unknown.

In the present work, we experimentally characterized the effects of Si-doping on
the deformation behavior of boron carbide. We created a diffusion couple using boron
carbide (with millimeter grain sizes) and silicon hexaboride (SiB6) to achieve a Si
concentration gradient within one boron carbide grain. We then employed nanoindentation
to induce amorphization and applied advanced microscopy techniques to uncover the
microstructure of the quasi-plastic zones from both the undoped and Si-doped regions. We
observed that a small amount of Si doping (~ 1 at.%) led to a substantial decrease in stress-
induced amorphization. More surprisingly, Si doping also dramatically changed the

deformation mechanisms in boron carbide.
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Materials and Methods

Bulk boron carbide was prepared using a commercial (5SA) bench-top 300 Amp
arc melter. 0.5 g of commercial (Starck, Grade HD20) boron carbide powder was first cold-
pressed into a pellet and then melted in an argon flow. As the liquid cooled, millimeter-
sized boron carbide crystals were formed on the surface of the ingot (Fig. SIA). A5 mm x
5 mm x 5 mm cube was sectioned from the ingot and polished to mirror finish using
diamond suspensions. The boron carbide cube was coupled with a cold-pressed SiB6
(Starck, Grade A) pellet and heat treated in a spark plasma sintering apparatus at 1700 °C
for 4 hr under 50 MPa (the schematic see Fig. S1B). After heating, the diffusion couple
was sectioned parallel to the diffusion direction and polished to mirror finish for further

microscopy analyses.

Raman spectroscopy equipped with a 633 nm HeNe laser (InVia Reflex, Renishaw,
UK) was used to identify the phases present within the diffusion zone and the material on
either side of the zone as well as the amorphized materials in the indents (Figs. 1 and 2).
WIRE 4.2 software was employed to deconvolute the Raman spectra and assess the extent
of amorphization. Electron Backscatter Diffraction (EBSD) was performed to measure the
boron carbide grain size after diffusion had taken place. EDS was used to semi-
quantitatively measure the Si content in the diffusion zone. The exact Si content is difficult
to obtain using EDS due to the presence of light elements such as B and C in the specimen.
Before nanoindentation, the diffusion couple sample polished to mirror finish using
diamond lapping film (from 30 pum to 1 pm). Nanoindentation was performed at room
temperature using both Vickers and Berkovich indenters. 1 kg Vickers indents and 500 mN

Berkovich indents (constant loading rate of 25 mN/s) were placed across the Si-doped
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diffusion zone and the undoped boron carbide. When measuring the degree of
amorphization, Raman spectroscopy was only performed on the Vickers indents as the
Berkovich indents are too small. Some of the Berkovich indents were used for TEM

observations.

The cross-sectional TEM samples of undoped and Si-doped boron carbide were
prepared from the residual indents using a Tescan LYRA-3 Model GMH dual-beam
focused ion beam (FIB) instrument. TEM observation was conducted in an FEI Tecnai G2
F20 Super-Twin FE-TEM operating at 200 kV. Elemental analyses of the TEM samples
were carried out using EDS in the TEM. The Si-contents were measured in both Si-free
and Si-doped specimens to ensure the Si signal is indeed from doping not from the Si
present in the EDS detector. Again, EDS is not the ideal chemical analysis technique in
this study. Nevertheless, it serves as a semi-quantitative method to estimate the Si content

in the Si-doped boron carbide.

The precession electron diffraction (PED) experiments were performed using an
FEI Tecnai TF30 transmission electron microscope equipped with a NanoMEGAS ASTAR
system (32, 33). Three types of maps (orientation, reliability, and correlation coefficient)
were constructed from the PED results with the 5 nm scanning step size in all samples. The
orientation maps are similar to the inverse pole figures in EBSD scans, in which the color
of each pixel represents its orientation. In reliability maps, the experimentally acquired
diffraction pattern was compared to the simulated pattern in the database. Low brightness
indicates a poor match. Poor matches can be caused by the lack of diffraction spots (e.g.
amorphous phase and micro-cracks) and multiple sets of diffraction spots (e.g. crystals

overlapping). In the correlation coefficient maps, the diffraction pattern of each pixel is
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compared to the patterns of its nearest neighbors, and changes in microstructure, such as

amorphous phase, micro-cracks, grain boundaries, and elastic strain are highlighted.
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Results and Discussion

Energy dispersive x-ray spectroscopy (EDS) revealed that the Si-diffused zone is
approximately 250 um in the boron carbide -SiB6 diffusion couple (Figs. 1A and S2). The
millimeter boron carbide grains and ~250 pum diffusion zone allow a Si concentration
gradient in single grains. All the nanoindentation tests, microstructural analyses, and
comparisons were carried out in the same boron carbide grain. This experimental design
ensures that the observed differences can be dominantly attributed to Si-doping. The roles

of other variables such as crystal orientation and grain boundaries are precluded.

Representative Raman spectra obtained from the undoped boron carbide and Si-
doped boron carbide highlighted the differences in their chemical bonding (Fig 1B). A
typical Raman spectrum of the undoped boron carbide displays major peaks at 270, 320,
and 1082 cm-1. The Raman spectra acquired from the Si diffusion zone also showed a
significant peak at 1082 cm-1. However, the intensities of the 270 and 320 cm-1 peaks
were much lower. A new peak at 214 cm-1 was also observed. It is suggested that, for
boron carbide, the high-frequency peaks (e.g. 1082 cm-1) are attributed to the “breathing”
mode of icosahedra, while the low-frequency peaks (e.g. 200 to 350 cm-1) correspond to
the chains (9, 11, 20, 21). The fact that the high-frequency peak remained the same but the
low-frequency peaks changed dramatically indicates that the icosahedra were retained
while the chains were modified via Si doping. The observed Raman spectra for both
undoped boron carbide and Si-doped boron carbide are similar to what have been reported
in the literature (16, 20). An atomic model describing the B, C, and Si atomic occupancy
in the Si-doped boron carbide is provided in Fig. 1C, where some of the CBC chains are

replaced by kinked CSiC chains, as described by Khan et al (16).
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Having both the undoped and Si-doped regions in the same boron carbide grain, we
then employed Vickers indentation and Raman mapping to assess whether Si-doping could
mitigate amorphization. Indentation with sharp indenter tips (such as Vickers and
Berkovich) is a common technique to impose large shear stress and to trigger stress-
induced amorphization in boron carbide (15, 22-26). Raman spectroscopy was then
performed on the residual imprints. New peaks (such as 1320, 1520, and 1800 cm-1)
associated with amorphization were noted in all indents but were less prominent for the
indents in the Si-doped region (Figs. 2A and 2B). Figures 2C and 2D depict the
amorphization intensity maps, where each pixel is plotted based on the normalized intensity
of the bands at ~1800 cm-1 from the indents and the regions in the vicinity of the indents
(22, 27). 1320 and 1520 cm-1 bands were excluded from this analysis due to their shared
peak positions with the graphitic carbon peaks. It is evident that the degree and extent of
amorphization were dramatically reduced in the Si-doped area compared to the undoped
boron carbide. This observation is in good agreement with the DFT predictions (14, 16)
and prior non-hydrostatic diamond-anvil experimental results, where non-hydrostatic

stresses were applied on the undoped and Si-doped boron carbide (17).

To understand why Si-doping facilitates amorphization mitigation at the
microstructure-level, cross-sectional transmission electron microscopy (TEM) foils were
prepared from the Berkovich nanoindentations using the focused ion beam (FIB) lift-out
method. This approach was not attempted on the Vickers indents because previous
experience has shown that large residual stresses and numerous cracks prohibit a successful
lift-out. Nonetheless, nanoindentation tests with Berkovich tips could also effectively

induce amorphization in boron carbide (24-26, 28). Moreover, nanoindentation offers
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insight on the mechanical properties (29). The hardness of Si-doped boron carbide at 500
mN (~ 50 GPa) is comparable to that of the undoped counterpart (details see Fig. S3A).
Compared with the undoped boron carbide, the Si-doped boron carbide has become slightly
softer, which was shown in typical nanoindentation load-displacement curves for undoped
and Si-doped boron carbides (Fig. S3B). TEM foils were prepared from the indents at
~300 um (undoped) and ~120 um (Si-doped) away from the diffusion interface. The Si
content present in the Si-doped specimens was measured using EDS and semi-

quantitatively estimated to be 1 at.%.

Quasi-plastic zones induced by Berkovich nanoindentation were observed in both
the undoped and Si-doped boron carbide (for example from the same grain see Fig. 3; for
the corresponding bright-field STEM images see Fig. S4). A quick inspection of their
microstructure may leave the impression that they are similar. All quasi-plastic zones
exhibit complicated diffraction contrast due to the large plastic deformation and elastic
residual strain. However, imaging with higher magnification revealed that the
characteristics of the amorphous shear bands and micro-cracks in the quasi-plastic zones
are strikingly different. Careful inspection of the indented undoped boron carbide showed
many long, distinct, and dominantly single-variant shear faults (i.e. amorphous shear bands
and micro-cracks) as shown in Figs. 3C. This finding is consistent with the literature (15,
26). In contrast, short and multi-variant shear faults contributed to the quasi-plasticity in
the Si-doped sample (Figs. 3D). The prominent differences suggest that as low as 1 at.%
Si-doping may dramatically change the deformation mechanisms in boron carbide.
However, we encounter a predicament here. Lower magnification TEM images offer an

overall view, whereas higher magnification only reveals a very localized microstructure.
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While the former makes it difficult to discern the complicated contrast, the latter makes it
difficult to confirm whether the observed features are representative. To overcome this
challenge, we employed an advanced TEM-based diffraction technique - precession
electron diffraction (PED) to simultaneously obtain the global and local microstructure of

the quasi-plastic zones.

The orientation, reliability, and correlation coefficient information derived from the
PED results highlighted the microstructural similarities and differences of the quasi-plastic
zones in the undoped and Si-doped boron carbide. Crystal reorientation was observed in
all quasi-plastic zones compared to the corresponding pristine zones (Figs. 4A and 4B),
which can be attributed to the amorphous shear bands and micro-cracks (4, 24, 30).
Orientation maps viewed in all three principal directions can be found in Fig. S5. Closer
inspections unveiled the differences. In the reliability maps (superimposed with the
orientation maps, details see Materials and Methods), we note that most pixels in the quasi-
plastic zones of the undoped boron carbide display high reliability. The low-reliability
pixels are generally associated with the long and distinct amorphous bands and micro-
cracks (Fig. 4A). They are better illuminated in the correlation coefficient maps (Fig. 4B),
confirming that these long, distinct, and single-variant shear faults (along each side of the
indent impression) are indeed the prevailing microstructural features in the quasi-plastic
zones in undoped boron carbide. On the contrary, for the Si-doped boron carbide, most
amorphous shear bands and micro-cracks are much more diffuse and difficult to distinguish
(Figs. 4C and 4D). Although some shear faults are still present in the quasi-plastic zones
(such as the top left region near the impression surface in Figs. 4C and 4D), they are no

longer the predominant features. Combined with the higher magnification bright-field
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TEM observations, we can deduce that short, diffuse, and multi-variant shear faults are
prevalent in the quasi-plastic zones of Si-doped boron carbide samples. In addition, a
number of low-reliability regions are evident (Fig. 4C). More detailed analysis showed that
they are caused by multiple sets of diffraction patterns through the thickness of the TEM
foil (Figs. 4E-G). This observation infers many shear faults have large proportions of fault
planes contained within the TEM foil. Overlapping crystals were not observed in undoped
boron carbide. This further confirms the multi-variant nature of the shear faults in the Si-
doped samples. As been described previously, the indents we examined were from the same
boron carbide grain but with varied chemistry. Therefore, the differences in deformation

behavior are primarily caused by Si doping.

To explain the remarkable differences in microstructure and to deduce the active
deformation mechanisms, we quantified the densities of shear faults (dividing the total
shear fault length by the area) from the same regions in the undoped and Si-doped quasi-
plastic zones. The average length density of shear faults was measured to be 9.3+3.5 /um-
1 in the undoped boron carbide and 10.8+2.4 /um-1 in the Si-doped boron carbide. Two-
sample t-test suggested the shear fault densities are statistically the same in both samples.
(The calculated |T| is equal to 1.23, which is less than the critical value of t1-a/2,v = 2.365
for the two-tailed t distribution.) It is interesting to note that the Raman results indicated
that Si-doping significant amorphization mitigation, but the TEM observation revealed that
Si-doping did not reduce the shear fault density. The seeming ambivalence suggests that
many micro-cracks in the Si-doped samples are caused by direct fragmentation rather than
amorphization. The change in mechanism is also manifested by morphologies of shear

faults. The shear faults in the undoped boron carbide quasi-plastic zones are long, straight,
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distinct, and dominantly single-variant, indicating they started as amorphous shear bands
and evolved in micro-cracks. The high planarity of the shear faults is dictated by the fact
that amorphous shear bands generally grow along specific crystallographic planes (4, 24).
In contrast, the shear faults in the Si-doped boron carbide are short, meandering, diffuse,
and multi-variant, suggesting many of them were not evolved from amorphous shear bands
but directly formed from fragmentation. The hardness values of the undoped and Si-doped
boron carbide regions are comparable. This implies that at similar stress levels,
amorphization was dominant in the undoped boron carbide, whereas both amorphization
and fragmentation were activated in the Si-doped boron carbide. The presence of Si in the
lattice may have stabilized the icosahedra against amorphization (15, 16) and lowered the
energy barrier for fragmentation via atomic-level local lattice distortion (16). Since
amorphization could lead to a sudden deterioration of mechanical properties (4) while
regular fragmentation does not (5, 31), Si-doping may present itself as a promising strategy

to design boron carbide exhibiting superior ballistic performance.
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Summary

In summary, we discovered that even a small amount of Si doping (~1 at.%) in
boron carbide resulted in a dramatic change in the deformation mechanisms. Si doping led
to a reduction of stress-induced amorphization in boron carbide. We also observed that
long, distinct, and dominantly single-variant shear faults formed in the quasi-plastic zones
of the undoped boron carbide; short, diffuse, and multi-variant shear faults contributed to
the quasi-plasticity in the Si-doped sample. The mitigation of amorphization and the
change in deformation mechanisms are likely caused by the atomic-level structural
stabilization and lowering energy barrier for fragmentation from Si doping. These
discoveries could guide the design of next-generation amorphization-resistant body armor.
Moreover, the insight gained from this work opens up pathways for tuning the deformation

mechanisms of ceramics via solute doping.
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Fig. 1. Structure characteristics of the arc-melted sample after diffusion. (A)
Schematic of the arc-melted sample after diffusion has taken place. (B) Raman spectra
for undoped boron carbide and Si-doped boron carbide. (C) A possible atomic model of
the Si-doped boron carbide. Some of the CBC chains are replaced by kinked CSiC

chains. (The model is adopted from (16))
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Fig. 2. Comparison of the Raman spectra of indented undoped and Si-doped boron
carbides underneath the Vickers indents. Raman spectra of indented (A) undoped boron
carbide and (B) Si-doped boron carbide compared to their pristine counterparts. Raman
mapping of the amorphous phase in Vickers hardness impressions in (C) undoped boron
carbide and within the diffusion zone and (D) in Si-doped single crystal boron carbide.
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Fig. 3. Bright-field TEM images of indented undoped and Si-doped boron carbides.
Low magnification TEM images of indented (A) undoped and (B) Si-doped boron carbides,
with higher magnification images showing shear faults in (C) and (D), respectively. The
shear faults (consisting of amorphous bands and micro-cracks) are indicated by the arrows.
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Fig. 4. Microstructure of the quasi-plastic zones revealed by PED with a step size of 5
nm. (A) Orientation map overlapped with reliability map and (B) correlation coefficient
map of undoped boron carbide. (C) Orientation map overlapped with reliability map and
(D) correlation coefficient map of Si-doped boron carbide. (E) Orientation and reliability
map containing part of the quasi-plastic zone of a Si-doped boron carbide sample. The
corresponding diffraction patterns from the regions (F) outside and (G) inside the quasi-
plastic zone, as labeled in (E). The orientation maps are viewed along the out-of-plane
direction. (Note that the intensity of diffuse ring from the narrow amorphous shear bands
is overpowered by the diffraction spots from the crystalline phase. The amorphous nature
of the shear bands is best revealed by HRTEM rather than PED.)
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Supplementary Figures
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Fig. S1. Preparation of the diffusion couple. (A) Optical image (top view) of the as-
melted boron carbide. Millimeter-sized crystals are visible on the top surface of the ingot.
(B) Schematic of the die set up used to diffuse Si into boron carbide.
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Fig. S2. Berkovich nanoindentation was performed across the Si diffusion zone and
the undoped boron carbide within one boron carbide grain. (A) EBSD mapping of the
interface showing the same crystal orientation, suggesting a single crystal grain. (B) Si
EDS mapping of the corresponding location clearly shows that Si diffused roughly 250 pum
into boron carbide. (C) EDS mapping on the diffusion zone and superimposed normalized
Si count. (D) Optical image of the indented area showing 3 rows of 8 500 mN Berkovich
indents across the diffusion zone. The dashed lines indicate the diffusion interfaces.
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Fig. S3. Berkovich nanoindentation results for undoped and Si-doped boron carbides.
(A) Berkovich hardness across the diffusion zone in boron carbide -SiBe couple. Zero on
the x-axis indicates where the interface of SiBes and Si-doped BC is. (B) Typical
nanoindentation load-displacement curves for undoped and Si-doped boron carbides.
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Undoped boron carbide indent Si-doped boron carbide indent

Fig. S4. TEM observation of indented undoped and Si-doped boron carbides. Low
magnification virtual bright-field STEM images of indented (A) undoped boron carbide
and (B) Si-doped boron carbide. HRTEM images of amorphous shear bands in (C)
undoped boron carbide and (D) Si-doped boron carbide.
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Fig. S5. Orientation maps of the quasi-plastic zones of undoped and Si-doped boron
carbides. Orientation maps from Z, X and Y directions overlapped with reliability maps
of (A, C and E) undoped and (B, D and F) Si-doped boron carbide.
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CHAPTER 7

Notes: This chapter encompasses data that will be written for a journal publication in the
near future. This chapter takes a deep dive into characterizing 3-D amorphous volume
using Raman spectroscopy and isolating the effect of Si-doping from B-doping.

Introduction

Often the term “Si-doping” is used to describe boron carbide with elevated Si
content as a solid solution. However, “Si-doping” is a misnomer because, according to the
experimental phase diagram, Si can only be incorporated into boron carbide when the B/C
ratio is greater than 4. In another word, the stoichiometric B4C, the most stable phase of
boron carbide, cannot accommodate Si but BessC can. The stoichiometric shift from BgsC
to B4C is referred to as B-doping in boron carbide. The effect of pure Si-doping is put into
question when recently B-doping is discovered to also mitigate amorphization [1]. The
discovery complicates the assessment of the ability to suppress amorphization. The
assessment is further complicated by grain size effect as smaller grain size in boron carbide

can lead to higher resistance to amorphization [2, 3].

It is necessary to design an experiment that has boron carbide with a range of B/C
ratio and Si/B co-doped boron carbide with the same B/C ratio and grain size. To
accomplish the design requirement, a B-B4C and a SiBe-B4C diffusion couples were
fabricated. The B and the Si/B diffuse into the dense B4C side to form a diffusion gradient.
The effect of grain size can be eliminated since the grain size in the diffusion zone is the
same. Several thin foils were extracted across the diffusion zone using a focused ion beam
(FIB) to characterize its chemical content. Next, TEM based EDS {-factor microanalysis

was used to determine the chemical content. SEM-based EDS line scan was also performed
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across the diffusion zone to get an overall chemical trend and calibrated to the findings of

TEM EDS results, as shown in Fig. 1.
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Fig 1. SEM-EDS line scan results across the B-B4C and SiBs-B4C diffusion couple. Blue
markers are chemical content calibration standards acquired using TEM-EDS. In the B-
B4C diffusion couple, the B/C ratio roughly covers from 4-9 and SiBe-B4C diffusion covers

4-6.5.

Vickers indentations were placed across the diffusion zones as a means to activate
stress-induced amorphization. Amorphization mapping on the surface was carried out in
the same fashion as described in Chapters 2 and 4. Raman spectroscopy has limited probing
size (~0.5 um), which means amorphization in the bulk material is not determined. To
better understand the 3-D volume of the amorphous zone, a technique of successive
polishing and Raman imaging was employed, as described here [4] and illustrated in Fig.

2. Polishing was carried out using 1 um diamond suspensions. Tracking indents were put
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down in the vicinity of the indentations being studied. Polishing was carried out in
increments of 5 minutes to ensure over polishing does not occur. Polishing was conducted
until only the apex of the imprint remained before a new set of tracking indents was placed.
AFM was used to measure the profile of the tracking indents before and after the polishing
procedures to obtain the depth of moved material. Raman mapping was conducted on each
polished surface. 5-7 indents were surveyed for each chemical content for each layer to

ensure the data is statistically significant.

Indentation Tracking
being studied indentation
Mechanical 0 \ s D
polishto ———» |- P :
remove layers .

-2.66 ~-fRt-mm--

-5.45 --

Parsard, Subhash (2017)

Fig. 2. lllustration of successive polishing and Raman imaging procedure. The amorphous

cross-sectional area decreases as the depth increases.

Establishing confidence in comparison:

The first set of the indents was placed in the B4C, or the undoped side, for both
samples. The amorphous intensity map on the surface and at different depths were used to
establish confidence in comparing both samples. The Raman map of B4C on both samples

is shown in Fig. 3. It is clear that as the depth increases, the extent of amorphization
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decreases, following the trends in the literature [4]. The map acquired from a similar depth

shows similar amorphization map intensity and distribution.

B-B,C

SiB,-B,C

Fig. 3. Raman amorphization intensity map of B4C composition for B-B4C and SiBe-B4C
diffusion couples. A diminishing in amorphization is correlated with an increase in depth.

The size of the amorphous area also decreases with depth.

To understand the maps more quantitatively, the summation of the pixels at
different depths were compared in Fig. 4. The trend lines for both samples show an
identical reduction in amorphization as a function of depth. In the B4C composition, both
materials show the amorphous volume extending to ~6.5 um beneath the surface. The
diameters 1 and 2 of the Vickers imprint were averaged to illustrate the size of the
amorphous area. The amorphous areas from both samples show a similar reduction rate.
At this point, it is clear to say the B4C material in both samples is equivalent and they can

be compared directly to each other.
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Fig. 4. Quantitatively comparing the amorphization intensity of B4C composition for B-
B4C and SiBe-B4C diffusion couples. The intensity and area of the amorphous area at the
same depth are similar for both samples. The result implies that the baseline B4C in both

samples are equivalent.

Amorphization vs chemistry on the surface

The amorphous map of different chemistry on the surface is displayed in Fig. 5. It’s
clear that an increase in the B/C ratio reduces amorphization but the increase in Si as well
as B/C ratio indeed shows more reduction. Quantitatively, the normalized amorphization
intensity trend lines show a substantial reduction due to pure Si-doping when the B/C ratio

is fixed.
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Fig. 5. Comparison of the amorphization intensity map on the surface across the diffusion
zone in B-B4C and SiBe-B4C diffusion couples. The normalized intensity shows a

substantial reduction in amorphization due to pure Si-doping.

Amorphization vs chemistry at depth

The reduction of amorphization vs depth as a function of chemical content across
the diffusion zone is plotted in Fig. 6. It’s clear that a decreasing trend is observed for every
composition. In general, the trend lines with a higher B/C ratio have less amorphization
and the line with Si has substantially less amorphization. It is worth noting that all the trend
lines approach zero at roughly the same depth. This suggests the effect of amorphization
reduction due to B or Si/B-doping is less efficient deeper into the material. For example,
the B/C ratio 5.3-7.9 shows the same level of amorphization at 4.5-5.5 um beneath the
surface. A similar observation can be found for the Si/B co-doped boron carbide at Si

content of 1.1-1.8.
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Fig. 6. Relative amorphization intensity of B-doped and B/Si co-doped boron carbide as a

function of depth beneath the indentation and chemistry.
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The size of the amorphous area is the smallest when the B/C and Si content are the
highest, as shown in Fig. 7. The reduction in the amorphous area isn’t so clear when the
B/C ratio is between 6.4-7.2. The reduction in intensity is evident in Fig. 6. The reduction
in area is only evident when comparing the two extreme conditions when B/C is 4.1 and

7.9. The reduction in the amorphous area is clear when Si is increased.
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Fig. 7. Comparison of the amorphous radius of B-doped and Si/B co-doped boron carbide

as a function of depth and chemistry.

Conclusion

This chapter was carefully designed to compare and decouple the effect of B and
Si-doping for reducing amorphization in boron carbide. We found an increase in the B/C
ratio is correlated with a steady increase in amorphization. More importantly, as little as
~1 at.% Si can dramatically reduce the amorphization intensity compared to boron carbide
of the same B/C ratio. The ~1% number is consistent with the finding in Chapter 6. Si-
doping is most effective at suppressing the area of amorphization, in terms of the total

intensity.
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Abstract

Boron carbide experiences glass-like brittle behavior when subjected to high shear
stresses due to stress-induced amorphization. Strategies to mitigate amorphization have
primarily focused on Si/B co-doping. However, the overall mechanical properties of Si/B
co-doped boron carbide are unknown. Here, we delivered a comprehensive report on the
mechanical properties of Si/B co-doped boron carbide; and proposed an effective strategy
to improve the mechanical properties through TiB: reinforcement. Vickers hardness of 25.0
GPa, indentation toughness of 2.1 MPa-m®°, Young’s modulus of 430 GPa, and flexural

strength of 338 MPa were measured for Si/B co-doped boron carbide. The reinforcement
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with TiB: increased the overall mechanical properties to 26.6 GPa for hardness, 2.3
MPa-m?? for indentation toughness, and 410 MPa and flexural strength. The improvements
were attributed to the combined effects of grain size refinement and crack propagation

alteration due to TiB, addition.

Keywords: Boron carbide; Si/B co-doping; Titanium diboride; Ceramic composites;

Indentation and hardness;
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Introduction

Boron carbide is notably used in armor ceramics and other engineering utilities owing
to a combination of excellent mechanical properties and low density [1-3]. Nonetheless,
boron carbide experiences glass-like fracture behavior when subjected to impact pressures
exceeding its Hugoniot Elastic Limit (~17-20 GPa) [3], as occurs during a ballistic event.
The anomaly is attributed to the formation of nano-scale amorphous bands nucleated by
high shear stresses generated during high-velocity impacts (~750-800 m/s) [4]. The
amorphous bands act as crack nucleation sites and crack propagation paths to accelerate

the comminute behavior [4, 5].

Strategies to mitigate amorphization have primarily focused on modifying the
composition of boron carbide by atomic doping, e.g. B-doping and Si/B co-doping [6, 7].
However, B-doping diminishes mechanical properties of boron carbide due to
lengthening/weakening of the covalent bonds and the propensity for rapid grain growth [8,
9]. Similar adverse effects can be anticipated for Si/B co-doping; however, to our best
knowledge, the overall mechanical properties have not yet been reported. To improve the
mechanical properties of Si/B co-doped boron carbide, we propose reinforcement with
titanium diboride (TiB2) because it possesses the lowest density and the highest toughness
among Me'VB; reinforcement phases, e.g. HfB, and ZrB; [10]. Furthermore, one report
found that TiB> inhibits rapid grain growth in boron carbide, leading to a higher hardness
[11]. Others found the addition of TiB> resulted in an increase in strength and toughness in

boron carbide [12, 13].

In general, high hardness is regarded as the best predictor for stopping ballistic

penetration while strength and toughness are important factors for rough handling of armor
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ceramics [14]. Therefore, understanding the mechanical properties Si/B co-doped boron
carbide and its composite with TiB> is imperative for them to be considered as potential
armor ceramics. Here, we deliver a comprehensive report on the mechanical properties of

Si/B co-doped boron carbide and its composite with TiB..
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Materials and Methods

Commercially available (H.C. Starck) powders of boron carbide, silicon hexaboride,
amorphous boron, and titanium diboride were mixed according to compositions listed in
Table 1. The powder mixtures were loaded into a 107 x 107 mm graphite die and reaction

hot-pressed at 1950°C at 20 MPa for 3 hrs in Ar.

Phase identification of the consolidated materials was characterized using X-ray
diffraction (XRD) and Raman spectroscopy. Microstructure and chemical analysis were
carried out using a Field-Emission Scanning Electron Microscope (FE-SEM) and energy-
dispersive X-ray spectroscopy (EDS), respectively. The grain size was measured according
to the linear intercept method per ASTM E112-13. Density was determined using the
Archimedes’ principle. The theoretical density of the TiB2 (4.52 g/cm?) reinforced Si/B co-
doped boron carbide (2.50 g/cm® [15]) composite was determined by the rule of mixture.
Methods for obtaining Young’s modulus (E), hardness (Hy), and indentation toughness
(Kic) were outlined elsewhere [11]. The consolidated tiles were machined into 3 x 4 x 45
mm bars according to ASTM C1161-18 for a 4-point bending test to acquire flexural
strength (of). 10-12 measurements were taken for Hy, Kic, and or. An armor grade boron

carbide (PAD B4C, CoorsTek; noted as CBC) was used as the baseline for the study.
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Results and Discussion

Bulk ceramic tiles (107 x 107 x 13 mm) of Si/B co-doped boron carbide (SBC) and
TiB: reinforced Si/B co-doped boron carbide (TSBC) are pictured in Fig. S1. The densities
are 2.49 and 2.59 g/cm?3, corresponding to 99.6 and 99.2% TD for SBC and TSBC,
respectively. Fig. la illustrates the XRD patterns of SBC, TSBC, and CBC. Only the boron
carbide phase was identified in the SBC sample whereas TiB> and boron carbide phases
were found in the TSBC sample. Minor impurities such as C, BN, and AIN were found in
CBC in addition to the major boron carbide phase. The enlarged image depicts the (021)
peak position of boron carbide. Relative to CBC, both doped samples show a downshift in
the (021) peak position, an indication of expanded crystal lattices due to doping [7, 16].
Raman analysis, shown in Fig. 1b, reveals that SBC and TSBC are Si/B co-doped, evident
by the formation of the 210/240 cm™ doublet and 1170 cm™ peak [7]. Additionally, the
downshift in the 1090 cm™ Raman band with respect to CBC also indicates larger lattice

parameters [7].

The microstructures of SBC and TSBC are shown in Fig. 1c-1f. Although both samples
use the same boron carbide powder with an average starting particle size of 0.5 pum, the
final grain size is drastically different. SBC has a unimodal grain size distribution with an
average of 79.8 + 11.0 um. Contrarily, TSBC has bimodal grain sizes with predominantly
smaller grains of 1.5 + 0.2 um and some larger grains of 32.5 + 9.2 um, as shown in Fig.
1f. The exaggerated grain growth is likely due to the formation of Si and/or B containing
melts during reactive sintering [16]. The smaller grain sizes in TSBC can be attributed to
grain pinning by TiB> as reported in the previous study [11]. TiB2 polishing pull-outs are

common in the TSBC sample, marked in black arrows in Fig le. A secondary phase rich
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in Si and O was found throughout the microstructure of both samples. Due to the lack of
the diffraction peaks, we speculate that the second phase is a SiO»-rich glassy phase likely
introduced by SiBe as SiO> surface oxide in the starting mixtures. A closer inspection
reveals that the SiOz-rich phase is uniformly distributed in the microstructure of SBC, as
seen in Fig. 1d. Oppositely, a higher concentration of the SiO.-rich is intermittently
covering the abnormally large boron carbide grain in the TSBC sample, as shown in Fig.
S2. This wetting behavior is an example of incomplete or pseudopartial wetting when the
second phase content is high and the contact angle between the SiO»-rich phase and boron
carbide grain is nonzero. Such examples can be found in the WC-Co [17], Al-Zn [18], and

Fe-Si [19] systems.

The mechanical properties and densities of CBC, SBC, and TSBC are summarized in
Fig. 2. Overall, SBC shows inferior mechanical properties compared to CBC and TSBC
with an exception of Young’s modulus. The diminished mechanical properties have been
reported in B-doped boron carbide due to weakening in the atomic bonds [8]. Similarly,
Si/B co-doping stretches the covalent bonds, as evident by the downshift in the XRD
patterns and Raman spectrum in Fig. 1a-1b, leading to weaker atomic bonds. The larger
grains in Si/B co-doping also has an adverse effect on the mechanical properties of boron
carbide according to the Hall-Petch relationship [20]. Lastly, the SiO»-rich glassy phase

found in the microstructure of SBC further degrades the overall mechanical properties.

TSBC shows an overall improvement in the mechanical properties compared to SBC,
notably +6% Hy, +10% K, and +21% of. The improvement in the strength is attributed to
smaller grain sizes in TSBC. However, the variation in the grain size distribution expanded

the variation in strength values. The Weibull modulus values of SBC and TSBC are 7.5
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and 5.7, respectively. The incorporation of TiB2 enhances the overall toughness in two
ways. The tougher TiB; (Kic = 6.2 MPa-m®° [21]) requires more energy for a crack to travel
through than boron carbide (Kic = 2.7-2.9 MPa-m®° [14]) thus reducing the overall crack
length. Fig. 3a illustrates the termination of crack by a TiB> grain. The addition of TiB>
also changes the crack propagation behavior of boron carbide from intergranular to mixed
modes of intergranular and transgranular as shown in Fig. 3b. Residual stress (~480-660
MPa) as a result of the lattice parameters and thermal expansion mismatch could cause the
observed crack deflection [11, 13]. Furthermore, the weakened grain boundaries due to the
presence of incomplete SiO2-rich boundary layer could also aid in intergranular crack

propagation behavior.
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Conclusions

Large-size (107 x 107 x 13 mm) tiles of Si/B co-doped boron carbide and 10 wt.% TiB>
reinforced Si/B co-doped boron carbide were fabricated through reaction hot-pressing in
order to report their mechanical properties. Si/B co-doped boron carbide acquires Hy = 25.0
+ 0.9 GPa, Kic = 2.1 + 0.2 MPa-m®®, E = 430 + 1.7 MPa, and of = 338 + 30 MPa. TiB:
reinforced composite has Hy = 26.6 + 0.9 GPa, Kic = 2.3 = 0.2 MPa-m°®®, E = 427 + 2.0
GPa, and of = 410 £ 52 MPa, comparable to the commercially avaible armor-grade PAD
B4C. The values correspond to an improvement of 6% in Hy, 10% in Kic, and 21% in of
due to TiB> addition. The improvement in the mechanical properties is attributed to the
combined effects of grain size inhibition and crack propagation alteration due to TiB:

addition.
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Tables

Table 1. Nominal composition and weight fraction of powder mixtures

Nominal B4C SiBs Amorphous TiB2

Sample o

composition (wt.2%) (wt.%%0) B (wt.%0) (wt.%0)

o o
SBC 15at%SI g6 124 23 0
Bs5C

10 wt% TiB:

TSBC 1.5at.% Si 58.2 11.2 20.6 10.0

Be.sC
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Fig. 1. (&) XRD patterns of TSBC, SBC, and CBC from 15-50° two-theta. The enlarged

section depicts the region from 37.3-38.3° two-theta. (b) Raman spectra of TSBC, SBC,

and CBC. SEM images of (c)-(d) SBC and (e)-(f) TSBC. The red dashed lines outline the

large grains in TSBC. The SiOz-rich phase is circled in (d) and (e). Polishing pull-outs in

TSBC are marked with black arrows in (e).
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Fig. 2. (a) Density, (b) Vickers hardness, (c¢) indentation toughness, (d) Young’s modulus,
(e) fracture strength, and (f) Weibull plots of SBC and TSBC. Properties of CBC are
illustrated by the red dashed line. The relative change compared to SBC is indicated in

parentheses. Flexural strength of CBC in (e) is taken from Ref. [14]
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Fig. 3. Examples of crack (a) termination (red arrow) and (b) deflection by TiB: in the

TSBC sample. TiB: polishing pull-outs are marked with black arrows.
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CHAPTER9

Conclusions

Let’s revisit the main goal objectives of this thesis:

The goal of this thesis is to address brittleness and susceptibility to stress-induced
amorphization of boron carbide, and consequently, propose a path for designing boron
carbide ceramics with enhanced toughness and resistance to stress-induced amorphization.

In doing so, 6 objectives were established:

1. Promote room temperature dislocation movement in boron carbide

2. Increase the toughness of boron carbide by secondary reinforcement (ZrB. and TiB>)

3. Mitigate pressure-induced amorphization in boron carbide by foreign atom doping (B

and Si)

4. Understand the deformation behaviors of undoped and Si/B co-doped boron carbide

5. Investigate and isolate the effect of Si-doping from B-doping

6. Propose a materials design strategy for next-generation boron carbide with enhanced

toughness and resistance to stress-induced amorphization
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Objective 1 was achieved in Chapter 2: We found that dislocations can be mobilized
by incorporating Al into boron carbide’s chain structure. The presence of Al-C bonds
increases the overall ionic bond characteristic which in term lowers the lattice friction. This
profound result indicates that deformation behaviors of ceramics can be tuned through
atomic doping. The newly activated deformation mechanism dissipated deformation

energy and thus also mitigates amorphization.

Objective 2 was accomplished in Chapters 3 and 4: Processing boron carbide
composites with ZrB, and TiB> can improve the overall toughness. The residual stress
accumulated at the phase boundaries due to mismatch in elastic modulus and thermal
expansion facilitated crack deflection. TiB; also pinned the grain growth of boron carbide,

thus further improving the overall mechanical properties.

Objective 3 was addressed in Chapter 5: Si/B co-doped boron carbide was
processed by melting a blend of Si, B, and B4C. Through Raman analysis in conjunction
with an indention and elemental analyses based on SEM and STEM ((-factor
microanalysis), it is suggested that Si/B co-doping is a promising avenue for suppressing

stress-induced amorphization.

Objective 4 was achieved in Chapter 6: The deformation zone of single-crystal Si/B
co-doped and undoped boron carbide were compared using the state-of-the-art precession
electron diffraction (PED) technique. We found that as little as ~1 at.% Si can lead to a
substantial decrease in stress-induced amorphization due to a noticeable change of the
deformation mechanisms in boron carbide. The undoped boron carbide displays
amorphization and microcracking along the amorphous shear bands. This mechanism

resulted in long, distinct, and single-variant shear faults. In contrast, substantial
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fragmentation with limited amorphization was activated in the Si/B co-doped boron
carbide, manifested by the short, diffuse, and multi-variant shear faults. Microcracking via

fragmentation competed with and subsequently mitigated amorphization.

Objective 5 was addressed in Chapter 7: We found that an increase in B content
correlated with an increase in the reduction of amorphization. More importantly, the
involvement of Si, at the same B/C ratio, substantially suppressed amorphization. This

study decoupled the effectiveness of the amorphization reduction of B from Si.

Objective 6 was achieved in Chapter 8. We reported the overall mechanical
properties of Si/B co-doped boron carbide. A reduction of overall mechanical properties
was attributed to weakening in the atomic bond strength due to atomic doping. Most
importantly, Si/B co-doped boron carbide composite with 10 wt% TiB> compensated for
the loss in mechanical properties to a level comparable to that of a commercial boron

carbide ceramic tiles, while retaining 44% reduction in amorphization.
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Perspective

The two main deformation mechanisms of boron carbide beyond elastic
deformation are brittle fracture and amorphization. A fracture occurs when a brittle
material is strained to its elastic limit and, consequently, bonds break but the overall bond
order is retained. Under high pressure and energy, boron carbide experiences
amorphization where bonds not only break but also lose their long-range order. The
interstitial doping of Si creates kinked chains in boron carbide that allow the local strain to
accumulate. Since the prevalence of Si is sparsely distributed, a network strained lattice act
as a weak point for cracks to travel on a sub-micron level. It’s plausible that pervasive sub-
micro fragmentation found in the Si/B co-doped deformation zone is facilitated by the local
strain caused by Si-doping (as suggested in Chapter 6). In other words, Si-doping lowers
the energy required to access localized fragmentation. The rationale is further bolstered by
examining the lattice constants of Si/B co-doped and undoped boron carbide, a = 5.63 and
c=12.26 vs a =5.60 and ¢ = 12.07 A, respectively. In a covalently bonded solid, such as
boron carbide, longer bonds are weaker. Si/B co-doping undoubtedly contributed to the
weakening in the bond strength, and consequently, elastic modulus and toughness as we
discovered in Chapters 6 and 8. The lowered energy barrier for fragmentation allowed more
localized fragmentation, thus consuming deformation energy before amorphization could

occur.

A new form of deformation behavior (localized dislocation glide) was found in Al-
doped boron carbide in addition to the similar deformation behavior and the loss in bond
strength in Si/B co-doped boron carbide. Compared to Si/B co-doped boron carbide, Al-

doping further stretches the lattice constants to a = 5.64 and ¢ = 12.33 A. The c-axis (in the
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direction of the 3-atom chain) is further weakened to allow inter-planer slip. This gives rise
to the dislocation glide, which consists of planes of intact icosahedra, observed in Al-doped
boron carbide. The newly added deformation mechanism consumes deformation energy,

thus also mitigates amorphization.

Undoped
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Fig. 1. Comparing deformation mechanisms of undoped, Si-doped, and Al-doped boron

carbide. The substitution of Si weakens the atomic bonds of boron carbide and thus lowers
the energy barrier for elastic and fracture deformation. Al-doping adds a new deformation
mechanism through localized dislocation slip. In both cases, deformation energy is
consumed by the deformation mechanism below the threshold of amorphization, thus

mitigating amorphization.

Taken together, the idiom “there ain’t no such thing as a free lunch” perfectly
summarizes the interplay between material properties and the ability to suppress
amorphization. The law of conservation of energy dictates the outcome: either the

deformation energy is dissipated through amorphization or other means such as
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fragmentation and localized dislocation movement. A loss in mechanical properties
(hardness, elastic modulus, and toughness) is a tradeoff necessary to achieve amorphization

mitigation in doped boron carbide.

As demonstrated in Chapters 3, 4, and 9, secondary phase reinforcement is a
promising strategy to overcome the loss of mechanical properties in boron carbide without
effecting the suppression of amorphization, as shown in Fig. 2. The ZrB»-B4C eutectic
composite greatly improved the toughness of boron carbide. The TiB2-B4C composite not
only increased toughness, but also hardness by restricting the grain development of boron

carbide. The tradeoff here, however, is the increased overall density.

I PAD BC SBC
W '
"
-

Relative amorphization intensity

Fig. 2. Amorphization intensity color map of (a) a commercial PAD B4C vs Si-doped BC
(SBC) and (b) TiB: reinforced B4C (TBC) vs TiB: reinforced Si-doped BC (TSBC). A
reduction of 34% in the amorphization area from PAD BC to SBC and 31% from TBC to

TSBC was recorded. A reduction of 44% in amorphization intensity from PAD BC and
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TBC their Si/B co-doped counterpart was found. Cross comparison between (a) and (b) is

invalid. Each image is 20 x 20 pm.
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CHAPTER 10

Future work

e Determine the nature of amorphous boron carbide

The two main techniques used to study amorphization are transmission electron
microscopy (TEM) and Raman spectroscopy. Each technique presents a limitation to that
complicates the assessment of amorphization in boron carbide. TEM studies are time-
consuming, expensive, and can only examine few and localized deformation zones. Raman
spectroscopy can survey a larger area but the nature of so-called “amorphous Raman

peaks” is highly debated.

1. A dedicated experimental study is necessary to uncover the origin of amorphous
Raman peaks. The amorphous Raman peaks of boron carbide acquired from an
indentation experiment should be compared to that of amorphous C, B, their
mixtures, and boron carbide powders to establish a reliable experimental rationale
for their origin.

2. Resolve the short-range order of amorphous material using the pair distribution
function (PDF). Election pair distribution function (ePDF) could be directly carried
in the amorphous bands of boron carbide using TEM.

3. Alternatively, total scattering could be carried on amorphous boron carbide
powders using a high energy X-ray source. This opens an avenue for directly
assessing mitigation of amorphization of B-rich, Si-doped, and Al-doped boron

carbide provided we can make amorphous powders.
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e Enable dislocation mediated plasticity in B-rich icosahedral ceramics

The revolutionary discovery of dislocation movement at room temperature suggests
“dislocation engineering” could be applied to boron carbide and other B-rich icosahedral

ceramic systems.

1. Explore solid-solution structures using Density Functional Theory (DFT)
for B-C-X or higher-order systems

2. Establish the thermodynamic database of the said system

3. Experimentally synthesize suggested the compositions of interest

4. Evaluate the deformation behavior

e Al-doped boron carbide

While Al-doped boron carbide exhibits dislocation movement and amorphization

mitigation, little is known about its processing and bulk properties.

1. A comprehensive report on its bulk mechanical properties such as Young’s
modulus, hardness, toughness, tensile and compressive strength would be
valuable.

2. A consolidation study is necessary to understand its sinterability with and
without sintering aids.

3. In-depth microstructure and grain boundary analysis using TEM.

4. Understanding of the thermal stability of Al in boron carbide by heat-

treating Al-doped boron carbide at elevated temperatures.
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5. Determine the optimal Al content for mitigating amorphization while
retaining mechanical properties
6. Further improving its toughness by making composites with metals or

ceramic reinforcement phases.

e Optimizing microstructure and mechanical properties of TiB> reinforced Si-doped

boron carbide

The goal of this thesis is to explore options to improve toughness and resistance to
amorphization. We showed that Si/B co-doping and TiB: reinforcement are valid solutions
to achieve the goal. However, the microstructure and mechanical properties of 10 wt%TiB>

reinforce Si/B co-doped boron carbide are not optimized.

1. Vary the TiB2 content to minimize weight gain while achieving better
mechanical properties

2. Optimize the Si and B content to achieve maximum reduction of
amorphization while retaining mechanical properties (1-2.5 at% Si across
the entire B/C ratio range)

3. The exaggerated grain growth of boron carbide could further be hindered

through sintering protocol optimization such as lower temperature or time.



