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1   |   INTRODUCTION

Boron carbide has a nominal stoichiometry of B4C and 
is comprised of 12-atom boron-rich icosahedra (located 
at the vertices of a rhombohedral unit cell of trigonal 
symmetry) that are connected by three-atom chains of 

carbon and/or boron along the [1 1 1] rhombohedral axis. 
Alternatively, the crystal structure can be described by a 
non-primitive hexagonal unit cell with the [0 0 0 1] hex-
agonal axis coinciding with the [1 1 1] rhombohedral di-
rection.1 The extended network of icosahedral units and 
strong covalent bonds give boron carbide a low density 
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Abstract
Out-of-plane anisotropy in the mechanical response of boron carbide was stud-
ied by performing nanoindentation experiments on four specific crystallographic 
orientations of single crystals, that is, (2 1 1 16), (3 2 1 2), 

(

3 3 6 4
)

, and (1 4 5 7). For 
each orientation of the single crystals, in-plane variations of indentation modulus 
and hardness were also studied by monitoring the relative rotation between the 
crystal surface and a Berkovich indenter tip. A significant out-of-plane anisot-
ropy in indentation modulus was observed with ~80 GPa difference between the 
highest and lowest values. A smaller but measurable out-of-plane anisotropy in 
indentation hardness was also observed. In-plane anisotropy, on the other hand, 
was found to be significantly influenced by the scatter in the data and geometrical 
imperfections of the indenter tip. Investigations of indentation pop-in events sug-
gested that deformation is entirely elastic prior to the first pop-in. Furthermore, 
quasi-plastic flow along the (2 1 1 16) orientation of the single crystals was found 
to be more homogeneous than the other tested orientations. For select indents, 
cross-sectional transmission electron microscopy (TEM) of the indented regions 
showed formation of a quasi-plastic zone in the form of lattice rotation and vari-
ous microstructural defects. The quasi-plastic zone grew in size with increasing 
the indentation depth. The TEM observations also suggested the crystal slip to be 
a potential mechanism of quasi-plasticity and a precursor for formation of amor-
phous bands that could eventually lead to cracking and fragmentation. The pro-
posed failure mechanism provides valuable insights for calibrating constitutive 
computational models of failure in boron carbide.
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(2.52 g/cm3), high hardness (Vickers hardness of ~30 GPa), 
high melting temperature (2450°C), and high thermal and 
chemical stability. These properties make boron carbide 
desirable for mechanical, electronic, refractory, and nu-
clear applications.1,2

Our particular interest is in the potential use of boron 
carbide as a protective material against impact conditions, 
where it performs well for lower-velocity impact. However, 
boron carbide appears to lose strength when impacted at 
high velocities, and several studies have suggested that 
this is a consequence of the mechanism of amorphiza-
tion.3 Although mechanical response of boron carbide 
has been extensively studied over the last two decades,2,4–9 
there is still no consensus on the mechanisms that re-
sult in amorphization (e.g., carbon cluster formation4 vs. 
three-atom chain bending and icosahedra breaking6,7,9). 
A clear understanding of this mechanism is essential for 
designing boron carbide ceramics with improved mechan-
ical performance under impact conditions. Using single 
crystals for characterization of mechanical response could 
reduce uncertainties resulted from the commonly ob-
served variations in free carbon content among different 
grains in polycrystalline specimens.10 Furthermore, single 
crystals with known orientations could help clarify the ef-
fects of crystal anisotropy on the mechanical response.11 
This is of particular importance because boron carbide 
has been reported to have highly anisotropic mechanical 
properties. Resonant ultrasound spectroscopy measure-
ments of B5.6C single crystals suggested significant anisot-
ropy in elasticity, with global values of “Young's modulus” 
that vary by a factor of 8 along different crystallographic 
orientations.12 These measurements also showed that 
while Young's modulus is orientation-independent on 
the (0 0 0 1) plane, it is strongly orientation-dependent on 
the 

(

1 0 1 2
)

, 
(

1 0 1 0
)

, and 
(

1 2 1 2
)

 planes.12 The anisotro-
pic elasticity of the single crystal is important in part be-
cause one model for the onset of amorphization is based 
on the concept of the Born instability, which is computed 
from the elastic modulus tensor.13 We note here that the 
anisotropic modulus tensor is dependent on the stoichi-
ometry and is also a function of the applied hydrostatic 
pressure,13,14 so that the amorphization threshold would 
also depend on stoichiometry and pressure. Investigations 
of anisotropy in the hardness of boron carbide single crys-
tals have been limited. Nanoindentation experiments on 
B4.3C single crystals10 showed only 1  GPa difference be-
tween the indentation hardness of the (0 0 0 1) and 

(

1 0 1 1
)

 
planes. However, in-plane variations of indentation hard-
ness were not considered in this study.10

In the present study, we use the optical floating zone 
technique to grow boron carbide crystal boules with large 
single crystal regions, and then study their mechanical re-
sponse and deformation mechanisms using a combination 

of quasi-static nanoindentation and electron microscopy. 
Despite different strain rates and boundary conditions 
between quasi-static and impact conditions, mechanical 
properties obtained from quasi-static experiments can be 
used as a measure of gross impact performance. For ex-
ample, elastic modulus and hardness are both positively 
correlated to ballistic performance.15–18 This can be ratio-
nalized because materials with higher stiffness can better 
resist the large flexural deflections induced by projectile 
impact.15,17 Higher hardness could also contribute to in-
creased penetration resistance by plastically deforming, 
fracturing, and deflecting the projectile.15,17 Quasi-plastic 
deformation is also believed to be an important factor af-
fecting the impact performance of ceramics.16,18 Unlike 
conventional tensile or compression testing, during 
nanoindentation the hydrostatic constraint imposed 
by the indenter delays fracture and catastrophic failure, 
thereby allowing for investigations of both the elastic and 
quasi-plastic responses of the crystals.

2   |   EXPERIMENTAL METHODS

2.1  |  Preparation of single crystals

Boron carbide crystals were grown via the floating zone 
technique10–12,19,20 in a furnace that utilizes xenon lamps 
as a heat source. Crystal boules with a diameter of ~8 mm 
were grown from polycrystalline starting rods that were 
10 mm in diameter and 10 cm in length. The starting rods 
were hot-pressed from 99.9% pure B4C powder by a com-
mercial vendor (Testbourne Ltd.). Inside the furnace, the 
starting rods were heated from 0% to 70% lamp power 
over 2.5  h and continuously rotated in opposite direc-
tions at 10  rpm to facilitate mixing. The growth process 
was monitored by a camera in real time. In the rendered 
images, molten zones of the starting rods showed a dis-
tinct texture/color from the adjacent solid materials. At 
a lamp power of ~65%, a distinct solid–liquid interface 
was established, and the molten zone was seen to retain 
its shape and size without any signs of instability. At this 
stable growing condition, the growth rate of the crystal 
boules was 10 mm/h. To mitigate oxidation, an argon gas 
flow of 0.3–1.5 L/min was used inside the furnace. X-ray 
energy dispersive spectrometry (XEDS) measurements on 
smaller diameter (4  mm) crystal boules identified their 
stoichiometry as B4.9C. Details of these measurements are 
reported in our earlier study.11

Our previous studies showed that under the afore-
mentioned growth conditions, the crystal boules tend to 
grow close to the [0 0 0 1] direction.11 Whitebeam X-ray 
Laue diffraction with a spot size of 1  mm was used to 
align the crystal boules prior to sectioning. The obtained 
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diffraction patterns were compared to simulated patterns 
of the rhombohedral crystal structure to confirm the ori-
entation. The Laue diffraction patterns of the (0 0 0 1) and 
(

1 0 1 0
)

 planes were found to be, respectively, 15–20° and 
45–50° away from the growth direction. Once the desired 
orientations were identified, a low-speed diamond saw 
was used to section 7–8 mm thick slices which were subse-
quently polished to a mirror-finish surface using diamond 
lapping films.

The growth quality of the sectioned and polished 
slices was evaluated using electron backscatter dif-
fraction (EBSD) in a Helios G4 UC DualBeam system 
(ThermoScientific) operating in the scanning electron mi-
croscope (SEM) mode. An accelerating voltage of 20 kV 
and a probe current of 13 nA were used. Twin-free single 
crystal regions were identified and marked.

2.2  |  Characterization of mechanical 
response and deformation mechanisms

An iNano® nanoindenter with an InForce50 actuator 
(Nanomechanics Inc., now KLA corporation) was used to 
measure the anisotropy in indentation modulus and hard-
ness. All indentations were performed within the twin-free 
single crystal regions identified by EBSD characterization. 
To characterize both elastic and quasi-plastic deformation 
in boron carbide (and similarly hard materials), a sharp 
indenter tip must be used. Among the commonly used 
sharp tips, square-based pyramids (Knoop and Vickers) 
are prone to “chisel edge” where the four faces do not 
meet at a single point, thereby resulting in ill-defined area 
function and asymmetric impressions. Triangular-based 
pyramids (Berkovich and cube corner), on the other hand, 
offer a small rounding at the apex of the indenter (~20 nm 
radius when brand new) and thus facilitate the attainment 
of quasi-plasticity at lower applied loads. Although cube 
corner tips (with a centerline-to-face angle of 35.26°) are 
sharper than Berkovich (with an angle of 65.27°), they 
are not preferred for the measurements of indentation 
modulus and hardness due to the possibility of formation 
of large radial cracks in brittle materials.21 Therefore, all 
indentations in the present study were performed using a 
diamond Berkovich indenter, which was assumed to be 
elastically isotropic. In-plane variations of indentation 
modulus and hardness were also studied by monitoring 
the relative orientation between the crystal surface and 
the Berkovich indenter.

To obtain properties as a function of indentation depth, 
the continuous stiffness measurement (CSM) technique 
was employed. In this technique, contact stiffness (S) is 
measured continuously during the loading of the indenter 
by superimposing an oscillatory load, with an amplitude 

of P0 and a frequency of ω, on the load signal and measur-
ing the amplitude (h0) and phase (ϕ) of the corresponding 
displacement signal by means of a frequency-specific am-
plifier22–24 using: 

where Ki is the stiffness of the indenter column, Kf is the 
stiffness of the instrument's frame, and m is the mass of the 
indenter. The obtained stiffness is then used to calculate in-
dentation modulus (EIT) and hardness (HIT) using the origi-
nal Oliver and Pharr method25: 

 

where �s is the Poisson's ratio of the specimen (0.171), �i is 
the Poisson's ratio of the indenter (0.07), Ei is the Young's 
modulus of the indenter (1141 GPa), and Er is the reduced 
elastic modulus (Er = (S∕2)

(

�∕Ap

)∧
0.5) with Ap and Fmax 

being the projected contact area and maximum applied load, 
respectively. The projected contact area was determined 
through knowledge of the indenter's area function and the 
depth over which the indenter and specimen are in contact. 
The area function of the indenter was calibrated by perform-
ing indentations in a fused silica reference specimen. The 
CSM indentations were performed under an applied inden-
tation strain rate (time derivative of the load divided by the 
load at each point in time) of 0.1 s−1 to a maximum indenta-
tion depth of ~300 nm.

To study the indentation pop-in phenomenon, ad-
ditional nanoindentation experiments were performed 
without the superimposed CSM oscillations. The loading 
sequence for these indentations consisted of loading at 
0.33 mN/s to a maximum load of 10 mN, a 1(one) s hold 
at the maximum load, unloading to 10% of the maximum 
load at a constant rate equal to the loading rate, an 80 s 
hold at 10% of maximum load to measure and correct 
for thermal drift, and final unloading. The residual im-
pressions of select indentations were characterized with 
a Tescan Mira field emission SEM using an accelerating 
voltage of 4 kV.

To study indentation cracking, a nanoindenter  XP 
(MTS, Agilent Technologies) was used to perform indenta-
tions on select single crystal regions to a maximum inden-
tation depth of ~1 μm. Evaluation of indentation modulus 
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and hardness was not attempted from these indentations 
because of the formation of the large cracks.

To understand the underlying deformation mecha-
nisms, for select indentations focused-ion beam  (FIB) 
machining was used to lift out cross-sectional specimens 
under the indentations, and the extracted specimens were 
polished to electron-transparency using 30  kV Ga+ ions 
(beam current 2–21  nA). The cross-sections were then 
cleaned using 5 kV Ga+ ions (beam current ~40 pA) and 
studied by transmission electron microscopy (TEM) using 
a TF30 S/TEM (ThermoScientific) instrument operating 
at 300 kV.

3   |   RESULTS AND DISCUSSION

3.1  |  EBSD results

To avoid ambiguity, all crystallographic planes and direc-
tions in this study are denoted in terms of Miller–Bravais 
indices of a non-primitive hexagonal unit cell. Figure 1 
demonstrates EBSD characterization of the as-grown, sec-
tioned, and polished crystals. All inverse pole figure maps 
are plotted using the orientation of surface plane, with a 
step size of 1 µm. Figure 1A shows a single crystal region 

across a length scale of over 600 µm with no evidence of 
growth defects (e.g., twins, grain boundaries, secondary 
phases). The surface plane of this region is approximately 
(

2 1 1 16
)

, 15° off the (0 0 0 1) plane. Figure 1B shows an-
other region that contains two families of growth twins in 
the same crystal. The EBSD maps shown in Figure 1C,D 
are representative regions in other sections of the crystal. 
Although growth twins were also observed, single crystal 
regions over 100 μm were routinely obtained and their sur-
face planes (rounded to low indices) were determined as 
(

3 2 1 2
)

, 
(

3 3 6 4
)

, and 
(

1 4 5 7
)

; with the latter being 14° off 
the 

(

0 1 1 1
)

 plane.
In addition to assessing the growth quality, the observed 

trace lines of the twin boundaries were used to estimate 
in-plane directions of the crystals. For instance, the two 
variants of crystals in Figure 1C were found to be divided 
by a twin boundary that resides in the 

(

0 1 1 1
)

 plane in the 
(

3 2 1 2
)

 oriented crystal (light green). Alternatively, the 
twin boundary inhabits the 

(

1 1 0 1
)

 plane in the 
(

3 3 6 4
)

 
oriented crystal (light cyan). Thus, in-plane direction of 
the trace line (rounded to low indices) was determined as 
[

2 1 3 4
]

 and 
[

3 1 2 4
]

 on the 
(

3 2 1 2
)

 and 
(

3 3 6 4
)

 oriented 
crystals, respectively. These were taken as the reference 
directions for the study of in-plane anisotropic nanoin-
dentation behavior of the single crystals.

F I G U R E  1   Representative EBSD 
orientation maps of (A and B) 

(

2 1 1 16
)

, 	
(C) 

(

3 2 1 2
)

, 
(

3 3 6 4
)

, and (D) 
(

1 4 5 7
)

 
surface planes in the as-grown crystals. 
Inset hexagonal prisms represent local top 
view of the crystal lattice

(A) (B)

(C) (D)
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3.2  |  Nanoindentation results

Figure 2 shows a schematic representation of the inden-
tation array performed on each single crystal region. To 
study in-plane variations of indentation modulus and 
hardness, the angle (θ) between one facet edge of the 
Berkovich indenter and the reference direction (identi-
fied through EBSD characterization) was monitored. 
Indentations were repeated for θ values of 0–270° at in-
crements of 30°. Indentation modulus and hardness were 
obtained using the traditional relationships described in 
Equations (2) and (3)—note that these relationships as-
sume that the target material is isotropic.

Figure 3 shows the values of indentation modulus and 
hardness obtained at different θ values for the single crys-
tal regions. Each data point is the average of at least five 
indentations over the depth range of 150–300 nm and the 
error bars represent plus/minus one standard deviation. 
We see that the indentation modulus and hardness vary 
by a significant margin with the indenter rotation angle 
for each of the planes that were indented. Given the three-
fold symmetry of the Berkovich indenter, one expects 
to obtain indistinguishable values of indentation mod-
ulus and hardness once the indenter is rotated by 120°. 
However, the indentation results reported in Figure 3 for 
nominally equivalent rotation angles are not always com-
parable (see, e.g., the values obtained at θ = 30, 150, and 
270° in Figure 3C,D). To investigate further, spatial maps 
of indentation modulus and hardness were obtained by 

performing additional indentations at rotation angles of 
30, 150, and 270° on the 

(

3 3 6 4
)

 plane (details of these 
experiments are described in the supplementary Section 
S1 and Figure S1). Similar maps were also obtained at 
θ = 150 and 270° on the 

(

1 4 5 7
)

 plane. Figure S2 shows 
the spatial maps of indentation modulus and the corre-
sponding cumulative distributions and boxplots. For each 
map, the values of indentation modulus are seen to spread 
within a wide range. In some cases, the range of the spread 
is also seen to change significantly form one map to an-
other (compare, e.g., the boxplots corresponding to the 
maps obtained at θ = 150 and 270° on the 

(

1 4 5 7
)

 plane). 
Spatial variations in the stoichiometry of the single crys-
tals13 is a plausible explanation for the observed scatter in 
the data. Even when this scatter is taken into account, the 
cumulative distributions and median values of indenta-
tion modulus at nominally equivalent rotation angles are 
statistically different. These observations are further sup-
ported by the spatial maps of indentation hardness and 
the corresponding cumulative distributions and boxplots 
shown in Figure S3. Visual inspection of the Berkovich tip 
with SEM showed noticeable differences in the topogra-
phy of the three facets (see Figure S4). Such geometrical 
imperfections could contribute to the observed discrep-
ancy26 and thus complicate any inference about in-plane 
anisotropy of the single crystals.

We now turn our attention to out-of-plane variations 
in indentation modulus and hardness. Our indentation 
results in Figure 3  show a ~17% difference between the 

F I G U R E  2   Schematic representation 
of the array of Berkovich indentations. For 
each single crystal region, orientations of 
the surface plane and reference in-plane 
direction are noted



6  |      ZARE et al.

highest (544  GPa obtained at θ  =  240° on the 
(

3 3 6 4
)

 
plane) and lowest (465 GPa obtained at θ = 270° on the 
(

1 4 5 7
)

 plane) values of indentation modulus, demon-
strating a strong overall out-of-plane anisotropy in the 
elasticity of the crystals. This is further supported by com-
paring the values of indentation modulus from the spatial 
maps obtained at a given rotation angle on the 

(

3 3 6 4
)

 and 
(

1 4 5 7
)

 planes (Figure S2). We note that indentations onto 
the (0 0 0 1) plane were made by Domnich et al.,10 who ob-
served an indentation modulus of 532 GPa while Straker 
et al.11 estimated a modulus of 520 GPa. Domnich et al.10 
also measured a modulus of 548 GPa on the 

(

1 0 1 1
)

 plane, 
indicating some anisotropy as well. Previous studies on 
nanoindentation of materials with a large modulus-to-
hardness ratio demonstrated that application of the CSM 
technique could lead to a significant underestimation of 
indentation modulus (depending on the choice of har-
monic oscillation parameters).27 However, the higher end 

of our indentation modulus values are comparable with 
the results obtained from nanoindentation experiments 
without the superimposed CSM oscillations.10

In terms of hardness, the nanoindentation results pre-
sented in Figure 3 and Figure S3 suggest the overall degree 
of out-of-plane variations in indentation hardness to be 
smaller than those in modulus. Nevertheless, the differ-
ences are still measurable within the uncertainty of our 
measurements. The range of our obtained hardness values 
(45–51 GPa) is higher than the previous reports on B4C, 
B4.3C, and B4.9C single crystals that reported values within 
a range of 41–45 GPa.10,11,20,28 Further work to determine 
the cause of this discrepancy is warranted.

For different orientations of single crystals, Figure 
4 shows the representative indentation depth profiles of 
hardness and the corresponding load vs. depth curves ob-
tained at θ = 0°. The hardness depth profile of the 

(

2 1 1 16
)

 
plane is mostly smooth, and no serrations are observed in 

F I G U R E  3   The orientation dependence of indentation modulus and hardness for (A) 
(

2 1 1 16
)

, (B) 
(

3 2 1 2
)

, (C) 
(

3 3 6 4
)

, and (D) 
(

1 4 5 7
)

 
boron carbide single crystals
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the loading portion of the corresponding load vs. depth 
curve. In contrast, for all other orientations of the sin-
gle crystals, increasing the indentation depth is seen to 
result in abrupt drops in the measured hardness values 
(highlighted in the shaded regions). A close examination 
of the corresponding load vs. depth curves revealed that 
each drop in hardness is associated with a sudden burst 
in indentation depth at a relatively constant load. These 
displacement bursts, commonly referred to as pop-ins, 
have been observed during nanoindentation of a variety 
of materials including ceramics, metals, semiconductors, 
and amorphous materials. Such pop-ins are generally at-
tributed to various mechanisms of quasi-plastic/plastic in-
stabilities such as phase transformation,29 deformation via 
slip/defect propagation,29,30 discontinuous crack exten-
sion/chipping,31 and formation of shear32 or amorphous28 
bands. Although the exact nature of the corresponding 

instability mechanisms in our study is uncertain, our ob-
servations suggest that activation of these mechanisms 
occurs during loading and results in a reduction in the 
measured indentation hardness.

To further examine the pop-in phenomenon, 12 indenta-
tions were performed at θ = 0° on each single crystal with-
out the superimposed CSM oscillations. The obtained force 
vs. penetration depth curves (shown in Figure S5) were used 
to identify the load at which the first pop-in occurred. The 
results are summarized in Figure 5, where open symbols 
are used to distinguish the indentations that did not show 
a discernable pop-in. Consistent with the observation from 
the depth profiles of indentation hardness, pop-ins were 
less frequently observed on the 

(

2 1 1 16
)

 plane. Considering 
that microstructural analysis of the indented regions on this 
plane (discussed in detail in Section 3.3) showed evidence of 
quasi-plasticity, the less frequent observation of indentation 

F I G U R E  4   Representative depth profiles of indentation hardness and the corresponding load vs. depth curves obtained at θ = 0° for 
(A) 

(

2 1 1 16
)

, (B) 
(

3 2 1 2
)

, (C) 
(

3 3 6 4
)

, and (D) 
(

1 4 5 7
)

 boron carbide single crystals. Each shaded region shows an abrupt drop in measured 
hardness and a corresponding pop-in event. Insets show a closer look of the pop-ins
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F I G U R E  5   Values of load corresponding to the first pop-in from the indentations performed without the CSM oscillations at θ = 0° on 
the (A) 

(

2 1 1 16
)

, (B) 
(

3 2 1 2
)

, (C) 
(

3 3 6 4
)

, and (D) 
(

1 4 5 7
)

 boron carbide single crystals

F I G U R E  6   Post-indentation SEM images of Berkovich indentations on the 
(

2 1 1 16
)

 plane to a maximum indentation depth of ~1 μm
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pop-ins seems to suggest that the quasi-plastic flow along 
this orientation of the single crystals is more homogeneous. 
Similar observations have been reported for B4C single crys-
tals oriented along the 

(

1 4 3 5
)

 plane where the absence of 
indentation pop-ins was attributed to simultaneous activa-
tion of multiple shear bands during deformation.28 In con-
trast to the 

(

2 1 1 16
)

 plane, pop-ins were frequently observed 
for other orientations of the single crystals, and the load at 
which the first pop-in occurred was found to be highly re-
peatable on the 

(

3 2 1 2
)

 plane. When indentations were per-
formed on this plane using a maximum load smaller than 
the load of first pop-in (see the inset of Figure S5b), the un-
loading curve was found to fully retrace the loading curve, 
suggesting that deformation is entirely elastic prior to the 
first pop-in. This is consistent with the previous reports on 
nanoindentation of defect-free single crystals that attributed 
the first pop-in to the onset of plasticity.28,33–37

Figure S6 shows the representative SEM images of the 
residual impressions obtained from Berkovich indenta-
tions with a maximum indentation depth of ~300 nm on 
different single crystal regions. No evidence of pile-up is 
observed around the edges of the impressions, confirming 
that the projected contact area determined by the Oliver 
and Pharr method25 is not underestimated. Even though 
the SEM images do not rule out occurrence of sink-in, 
we note that the ratio of final indentation depth to maxi-
mum indentation depth (hf∕hmax) for our single crystals is 
within a range of 0.43–0.50. It has been shown that when 
hf∕hmax < 0.7, the Oliver and Pharr25 contact area matches 
very well with true contact area even if sink-in is present.38

Although surface cracks were observed in some cases, 
a clear visualization of these proved to be challenging due 
to their relatively small length (≤500 nm). Representative 
SEM images of the indentations performed to a maximum 
depth of 1 μm on the 

(

2 1 1 16
)

 plane are shown in Figure 6. 
Radial cracks, nearly 2.5–3.0 μm long, were consistently 
observed at θ  =  0, 60, and 120°. The radial cracks were 
always found to be emanating from the corners of the im-
pressions made at θ = 60°, but the same was not true for 
θ = 0 and 120°. Nevertheless, for each θ value, the surface 
directions along which the cracks propagated were found 
to be highly repeatable, suggesting that preferred surface 
directions exist for propagation of indentation cracks.

3.3  |  Post-indentation TEM results

Cross-sectional specimens were extracted under the in-
dentations performed on different single crystal regions. 
The microscopic deformation mechanisms that are dem-
onstrated herein are ubiquitous in all examined speci-
mens, with shallow (~300 nm) and deep (~1 μm) indents 
in the 

(

2 1 1 16
)

 oriented crystal taken as examples. The 

corresponding θ values for these indentations were 0 and 
60° (see Figure 2). Figure 7 shows a TEM bright field image 
of the deformation zone under a shallow indent. With 
the un-deformed region tilted into a 

[

2 1 1 0
]

 zone axis, the 
brighter diffraction contrast beneath the indent (marked 
with dash curve) indicates the region with remarkable 
quasi-plastic strain, that is, in the form of lattice rotation 
and various microstructural defects. A depth of ~800 nm 
was estimated for the quasi-plastic region in this specimen.

Detailed imaging and diffraction analyses39 re-
vealed a large number of planar defects, shown as 
narrow bands, in the quasi-plastic region. Moreover, 
high-resolution (HR) TEM images show good alignment 
between these bands of localized deformation with a va-
riety of low-index crystallographic planes. For instance, 
Figure 8A shows an HRTEM image of a crystal slip in the 
(0 0 0 3) plane and the shear displacement associated with 
this defect is clearly seen in the Fourier-filtered image that 
is shown in Figure 8B. The slip plane is atomically sharp 
when viewed edge-on, with no discernible evidence of 
amorphization (as described below). Defects of this type 
were frequently observed at the periphery of the quasi-
plastic region (e.g., blue square (8) in Figure 7) that was 
subjected to a lower level of stress. Thus, it appears that 
the initial stage of quasi-plastic deformation is mediated 
by such atomic scale shearing/slip activities. These ob-
servations are in good agreement with previous HRTEM 
characterization at the tip of amorphous bands.40

Figure 9 shows an HRTEM image from the center of 
the quasi-plastic region (e.g., red square (9) in Figure 7). 
For a conical indenter tip with the same centerline-to-
face angle as Berkovich, increasing the lateral distance 
from the indenter apex at a given indentation depth 
results in a reduction in the theoretical values of prin-
cipal normal, maximum shear, and hydrostatic stress 
components.41 Therefore, we hypothesize the stress in 

F I G U R E  7   TEM bright field image of cross-sectional specimen 
under a shallow indent in the 

(

2 1 1 16
)

 plane. Dashed curve 
indicates the quasi-plastic region
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the region marked by the red square (9) in Figure 7 to 
be more intense and more hydrostatic than the region 
marked in blue square (8). Further investigations to verify 

this hypothesis for indentations with a Berkovich tip on 
boron carbide single crystals are warranted. To uncover 
greater details of defect morphology and the underlying 
propagation behavior, the raw HRTEM image (Figure 
9A) was Fourier filtered to remove the contributions 
from all reflections in the crystal diffraction pattern; the 
filtered Inverse Fourier Transform image thereby high-
lights the high-frequency contrast variation, which was 
associated with non-crystallinity due to formation of lat-
tice defects and/or an amorphous phase. By this means, 
Figure 9B reveals an amorphous band with an intrigu-
ing three-dimensionally kinked morphology: some seg-
ments are narrower (~2 nm) and are well aligned with a 
parallel set of edge-on 

(

0 1 1 4
)

 planes, whereas the inter-
mediate segments appear to be wider, indicating other 
habit planes. The mechanism (e.g., the role of crystal an-
isotropy, local stress field, and chemistry) that impeded 
the straight propagation of amorphous bands remains to 
be clarified. Nonetheless, our observations39 provide di-
rect evidence that amorphous bands prefer to form along 
specific low-index planes, but are also likely to toggle 
between different planes, leading to three-dimensional 
propagation at the nanoscale. It is further hypothesized 
that the adaptability of amorphous bands to varied crys-
tallographic planes may explain previous observations 
that some amorphous bands appeared to align, but inac-
curately, with low-index planes.3,5,42,43

Figure 10 shows a TEM bright field image of the 
deformed crystal under a ~1  μm indent, with the un-
deformed region tilted into a 

[

1 2 1 0
]

 zone axis. Similar 
to Figure 7, the brighter diffraction contrast beneath the 
indent (outlined with a white dashed line) indicates the 
quasi-plastic region, with a much greater depth of ~3 μm. 
Both observations point to a range of quasi-plasticity that 
is ~3 times the maximum indentation depth. Cracks were 
found to extend far beyond the quasi-plastic region, as has 

F I G U R E  8   Representative planar 
defect at the periphery of quasi-plastic 
region (square area (8) in Figure 7). 
(A) HRTEM image of an atomic slip plane 
in the (0 0 0 3) plane as viewed edge-on. 
(B) Inverse Fourier Transform image 
of (A) made using the 

[

0 1 1 1
]

 reflection 
highlights the shear displacement. 
Inset shows the Fourier Transform 
pattern

F I G U R E  9   Representative planar defect at the center of 
quasi-plastic region (square area (9) in Figure 7). (A) HRTEM 
image of an amorphous band showing a “kinked” configuration 
with the segments in parallel 

(

0 1 1 4
)

 planes viewed edge-on. (B) 
Fourier filtered image of (A) highlighting the contrast of non-
crystallinity in the amorphous band

(A)

(B)
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also been observed in previous characterization under 
Vickers indentations.44

Figure 11 demonstrates the connection between amor-
phous band formation and the later stage of deformation 
and material failure. Figure 11A shows a representative 
HRTEM image in the quasi-plastic region (at square area 
(11a) in Figure 10), wherein the amorphous bands were 

substantially developed in thickness (~15 nm) and formed 
along multiple low-index planes. The variation of contrast 
indicates that the original single crystal was divided by the 
amorphous bands into nanosized pieces with remarkable 
misorientation in between. Going deeper under the in-
dent, where the cracks extend beyond the range of quasi-
plasticity, they are always found to initiate from within the 

F I G U R E  1 0   TEM bright field image 
of cross-sectional specimen under a deep 
indent in 

(

2 1 1 16
)

 plane. Dashed curve 
indicates the quasi-plastic region

F I G U R E  1 1   Defect evolution 
and failure under the deep indent. (A) 
HRTEM image of the square area (11a) 
in Figure 10 shows amorphous bands 
in varied planes. (B) HRTEM image of 
the square area (11b) in Figure 10 shows 
crystal fragmentation along varied planes. 
Inset shows the Fourier Transform 
pattern
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quasi-plastic region and are also aligned with low-index 
planes (as shown in Figure 11B, taken at square area (11b) 
in Figure 10). This suggests that the development of local-
ized amorphization leads to fracture and fragmentation of 
crystal, as also proposed in our original report of the phe-
nomenon.3 We also note that not all the observed amor-
phous bands evolve into cracks, suggesting that the crystal 
anisotropy and the character of the local stress field may 
also be relevant to the evolution from amorphous bands to 
intragranular cracks.

4   |   SUMMARY AND 
CONCLUSIONS

Boron carbide single crystals were prepared by opti-
cal floating zone method and their mechanical response 
was investigated by nanoindentation experiments using 
a Berkovich indenter tip. Results showed indentation 
modulus and hardness could vary significantly by chang-
ing out-of-plane crystallographic orientation. Variations 
of modulus and hardness with indenter rotation in the 
plane of the indentation were also observed but found to 
be influenced by the scatter in the data and geometrical 
imperfections of the indenter tip. Through the use of the 
CSM technique, it was shown that abrupt activation of 
quasi-plasticity mechanisms results in manifestation of 
pop-ins in the load vs. depth curves. Pop-ins were found to 
be suppressed when indentations were performed along 
the 

(

2 1 1 16
)

 orientation of the single crystals suggesting 
simultaneous activation of quasi-plasticity mechanisms 
during deformation. Post-indentation TEM micrographs 
and diffraction analysis of the quasi-plastic region under 
Berkovich indents uncovered crystal slip planes and evi-
denced amorphous bands that were formed in multiple 
crystallographic planes in 3D. Based on the initiation and 
propagation of stress-induced amorphization, the mecha-
nism of quasi-plasticity and failure was clarified as follows: 
atomic slip, amorphous band formation, and fracture.
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