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Abstract

The dynamic response of hot-pressed boron carbide was studied under uniax-
ial and confined loading conditions using a modified compression Kolsky bar

L. The progression of damage in the pris-

setup at strain rates of 10?2 — 103 s~
matic specimens was captured using a high-speed camera. This experimental
approach was reproduced in a quasi-static regime (10°* — 103 s1) to study
the rate dependance of the strengths and damage modes. The results showed
that the compressive strength of boron carbide was both stress state and strain
rate dependent. A real-time visualization showed a change in the crack path
under confined compression loading. Our observations revealed the formation
of column-like fragments and slabs in the uniaxial and confined compression, re-
spectively. Collected fragments of the specimens were used to investigate failure
mechanisms by SEM and TEM. Both observations showed transgranular frac-
ture. It was found that microcracks originate at large carbon inclusions and have
tensile character. TEM examinations also point to the absence of stress-induced

damage at grain boundaries and inside boron carbide grains. The formation of

microcracks was responsible for experimentally observed inelastic response un-
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der dynamic loading conditions.
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1. Introduction

Ceramics are the material of choice for many structural applications because
of superior hardness and strength-to-weight ratio. In practice, their resistance
to failure is often measured based on uniaxial compression experiments, even
though in most applications true uniaxial conditions are not common. For
example, ceramics used as protective layers in high-velocity impact applications
experience multi-axial stress states during the impact. Boron carbide (BC) is
one such ceramic that has recently gained much interest in this field of research
because of its applications in personnel protection [1, 2, 3, 4, 5]. These require
a significant amount of effort to evaluate the dynamic failure strength of BC
in shock wave experiments (see, for example, [6, 7, 8, 9, 10, 11]). Like most
ceramics, BC is strong in compression, but its performance is poor in tensile or
multi-axial stress conditions. There appears to be no appreciable plasticity in
BC materials [12]. Substantial efforts are therefore made to improve the overall
performance of advanced ceramics, like BC.

An effective way to enhance the mechanical response of brittle materials is by
tailoring their microstructure, for example by introducing ductile interfaces or
grain-boundary films [13, 14, 15, 16]. Many studies [17, 18, 19, 20, 21, 22, 23, 24|
have also examined the effects of confinement on the mechanical behavior of ce-
ramics as a way to increase their performance. The application of additional
pressure effectively suppresses unstable growth of tension cracks and delays
catastrophic failure. In terms of high loading rates, confined dynamic compres-
sion tests on ceramics have been performed under triaxial stress states [17, 18].
These experiments were conducted on cylindrical specimens with a shrink-fit
metal sleeve that generated a uniformly distributed hydrostatic pressure on

the lateral surface. In [18], for example, a remarkable increase in the fracture
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strength of AIN (from 2.5 GPa to 4.0 GPa) was observed by applying a confine-
ment pressure of approximately 230 MPa. Such studies provide more valuable
insights in terms of the resulting strength rather than the damage development
because of loss of cylindrical symmetry and difficulty of visualization.

The effect of confinement on the dynamic mechanical response of structural
ceramics under biaxial compression was examined by Ramesh and co-workers
[19, 20]. These experiments were conducted by applying loads (one static and
one dynamic) in two principal directions of the prismatic sample, while visualiz-
ing the free surface in the third direction. The intention of these studies was to
visualize the crack propagation behavior on the free surface under a sufficiently
large static pressure. It was demonstrated by [19] that by applying the static
confinement pressure of approximately 400 MPa, the dynamic strength of AION
increases from 3.45 GPa to 4.05 GPa. This confined compression technique pro-
vides valuable insights into the understanding of failure mechanisms and damage
development through a real-time visualization of the cracking process but is not
able to provide full confinement.

The mechanisms underlying microcrack formation in brittle solids have been
studied for many years, and are well understood [25, 26, 27, 28, 29]. In the crack
nucleation process, the intrinsic microstructural inhomogeneities (e.g. inclu-
sions, pores and grain-boundary films) are crucial contributors influencing the
structural stability of the material and lead to the formation of cracks under
certain critical loading conditions. Once these cracks are nucleated, the propa-
gation direction depends on the stress field in front of the crack tip. In a typical
scenario, this stress field is strongly affected by surrounding inhomogeneities
and cracks. This complex system of dynamically interacting cracks remains one
of the most fundamental theoretical problems in the mechanics of brittle solids.
Experimental methods for studying material response at different stress state,

such as discussed herein, can help address this issue.
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2. Experimental procedure

A detailed characterization of this BC microstructure is provided in our
previous studies [30, 31, 32, 33]. Prismatic specimens with dimensions of 3.5 mm
x4 mm x5.3 mm (and subsequently attached coordinate system: X1, X2 and
X3), were cut from a plate 8 mm thick. The coordinate system is associated with
the plate in the following manner: X1 and X2 are principal directions lying in the
hot-pressed surface; X3 is the hot-pressing (and the largest compressive principal
loading) direction. In the case of confined compression experiments, a static
confinement was applied in the X2 direction. A prismatic specimen geometry
was chosen for testing for a few reasons. First, the macroscopic failure path in
one principal specimen dimension can be visualized using a high-speed camera.
Second, the confinement effect on the failure behavior can be studied using the
same specimen geometry as used in uniaxial compression. The advantage of
biaxial confinement over sleeve or hydraulic confinement is that the stress state
in the specimen is better known [17, 19]. Consequently, a confined compression
experiment allows us to visualize the change in the failure path on the free
surface, and to verify if the scatter of the results comes from microstructure
variability.

The schematic of a Kolsky bar technique for high-strain-rate compression
experiments is presented in Fig. 1. This is an established technique, but some
crucial experimental details are provided here (these are important for testing
ceramics). Bars and projectile were made of ultra-high-strength maraging steel
having a diameter of 12.7 mm. In order to adopt the experimental approach
for dynamic testing of brittle materials, the following improvements have been
made. First, a pulse-shaping technique using thin sheets of copper and graphite
between incident bar and projectile was adopted. This ensures relatively con-
stant loading rate and stress equilibrium in the specimen before failure. Second,
impedance-matched tungsten carbide (WC) disks confined by a heat-shrunk
Ti-6A1-4V collar were used between the Kolsky bars and the specimen. This

prevents the damage of bars due to indentation from the sample. In order to
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reduce the interfacial friction between the specimen ends and WC disks, lubri-
cation was provided at this interface. Finally, we note that the specimen strain
measurement in the case of very hard ceramic materials is dubious. In this
study, the strain rate was estimated based on the stress-time history.

The confined dynamic compression experiment (configuration B) was carried
out as follows. First, the specimen was sandwiched between two high-strength
steel T-blocks. Next, four screws were tightened with controlled equal torques,
what generated a quasi-static compressive stress of about 500 MPa along the X2
direction. To reduce stress concentration between the specimen and T-blocks,
ATST 4140 low-alloy steel ‘cushions’ of 0.5 mm thickness were used. A more
detailed description of the assembly and experimental procedure is provided in
Ref. [19]. The failure process was captured by a high-speed camera (capable of
capturing images at up to 2 million frames per second) and correlated with the
stress-time curve. In both experimental configurations, the sample domain was
covered with a polycarbonate box to collect the fragments for further analysis.

The quasi-static mechanical behavior was investigated using a standard MTS

machine at strain rates of 1074 — 1073 ¢!

and room temperature. Similarly to
the dynamic case, WC plates were used to protect the compression platens from
the potential indentation coming from the sample. A high-speed camera with
a speed of 256 thousand frames per second was used to visualize the failure
process. In this case, however, the camera was manually triggered and failure
process was not correlated with stress-time history. The assembly for confined
quasi-static compression experiments (Fig. 2) is composed of the same compo-
nents as the confined dynamic compression experimental design. Because of the
reorientation of the principal loading, additional supporting blocks were used to
ensure the alignment with compression platens and to accurately transmit the
compression load through bars between the specimen and compression platens.

Fragments of the specimens for all experimental configurations were collected
and investigated using electron microscopy. A TESCAN MIRA3 field emission

Scanning Electron Microscope (SEM) was used to identify failure mechanisms

at the micrometer scale and larger, whereas CM300 Transmission Electron Mi-
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croscope (TEM) was used to study fragments at the sub-micrometer scale and
smaller. Two types of TEM investigations on fragments were performed. In the
first case, the smallest fragments up to a few hundred nanometers in size were
freely suspended on a holey carbon grid, and electron transparent edges were
searched for the evidence of inelastic deformation and damage. In the second
case, the larger fragments were prepared by mechanical polishing on a series of
diamond lapping papers (30pm—100nm) using a tripod polisher to create a thin
wedge. The specimens were further thinned to electron transparency with ion

milling at 4kV and 1mA.

3. Experimental results

3.1. High-speed image observations

The stress-time histories for typical dynamic compression experiments and
the corresponding high-speed camera images are shown in Figs. 3(a—c). In both
cases, the stresses inside the specimen initially build up without perceptible
fracturing on the free surface (Photographs 1-2 in Fig. 3b and Photograph
1 in Fig. 3c). The first cracks at the edges of the specimen are visible ~3
ns before the peak stresses (indicated by the white arrows in Photograph 3 in
Fig. 3b and Photograph 2 in Fig. 3c). The change in the stress-time slope
between the first visible cracks and the moment of peak stress is noticeable.
Such change in material response, however, is not surprising and has been also
observed in the case of other advanced ceramics [19, 20, 34]. Note that there is
no direct evidence in the literature to support the hypothesis that commercial
hot-pressed boron carbide ceramics deforms plastically through dislocation ac-
tivity, twinning or other microstructure-related mechanisms in the investigated
regimes of stress, strain rate and temperature. Therefore, this behavior is most
likely related to the microcracks development from pre-existing microstructural
inhomogeneities, as reported in Ref. [31]. Such development and propagation

of microcracks eventually lead to stress relaxation without the occurrence of
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plastic deformation. After the peak stress, a catastrophic stress drop occurs,
accompanied by large scale cracking and ultimate failure.

Note that the stresses built up in the specimens with different rates of time.
The average stress rate under uniaxial and confined dynamic compression tests
was 174 MPa/ps and 360 MPa/ps, respectively. Consequently, the strain rate
values estimated based on the stress-time history were higher in confined dy-
namic compression tests. Since all Kolsky bar experiments were conducted
using the same experimental procedure, the cause of the stress rate sensitivity
is unclear. However, it is speculated that the confinement (which is applied
to the specimen before the test) affects the reflections of the stress waves from
the surfaces of the specimen, which are in contact with the T-blocks (see Fig.
1). Consequently, the damage part of the related strain rate component in the
confined direction (associated with the buckling rate of the damage material)
is also different from that of uniaxial compression. In other words, the cracks
that developed under high stress states separate the material into subregions.
At this stage, the material is still intact and has to be isolated to experience the
unloading state. The applied confinement limits the process of opening of the
cracks, and what follows, reduces the volume of internal voids in the material.
This additional constraint keeps the material as a ‘solid-like’, provides favorable
conditions for interacting waves, and consequently stresses builds up faster in
the specimen. These also results in a higher peak stress as the stress builds up
with time.

The high-speed images also show a change in the failure mode between uni-
axial and confined loading conditions. In the case of dynamic uniaxial com-
pression (the compression axis is indicated by the blue arrow), cracks visible on
the free surface propagate approximately parallel to the dynamic compression
axis, and then are accompanied by series of perpendicular cracks contributing
to further fragmentation of the specimen (Photographs 3-6 in Fig. 3b). Note
that the propagation of the cracks is the same for all free surfaces, which results
in formation of column-like fragments. Since the amount energy released during

these processes is high, the fragments are forced to expand, and subjected to
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buckling. These lead to further fragmentation. In confinement experiments, the
axial splitting failure mode is no longer observed. Instead, new cracks develop
in two directions (toward the main compression axis and confinement axis) al-
most simultaneously, inducing a mixed mode of cracking (Photographs 3-6 in
Fig. 3c¢). The main compression axis and confinement axis are indicated by the
blue and green arrows, respectively. More detailed discussion about the failure
mode based on fractographic observations is provided in the later part of the
manuscript.

For comparison the high-speed images from a confined quasi-static compres-
sion test are shown in Fig. 4. The high-speed imaging technique here was only
used to capture the failure mode, and the integrated stress-time series with
corresponding images are not provided. As in the previous case, the main com-
pression axis is indicated by the blue arrow and the confinement axis is indicated
by the green arrows. This sequence of images shows a similar failure mechanism
as in the confined dynamic compression tests (Fig. 3c). The multiaxial crack
path that developed on the free surface is analogous to the previously discussed
results. However, based on general observations, it seems that the density of
cracks developed under quasi-static conditions is lower in comparison to the dy-
namic case. This is also reflected in larger fragment sizes, as reported by Hogan
et al. [30]. Similar observations to the confined quasi-static compression were
made on specimens experienced quasi-static uniaxial loading conditions. In this
case, the axial splitting and larger fragment size (as compared to analogous

dynamic case) were observed.

3.2. Strength response

Figure 5 shows the measured peak stress values (‘strengths’) for the strain
rates and stress states investigated. Note the trend (although not statistically
significant) for increasing compressive strength at higher loading rates. Similar
strain rate dependence of peak stress was reported for other boron carbides and
advance ceramics in the past [19, 35, 36]. This behavior can be interpreted in

terms of a mode—I crack growth controlled by different mechanisms in these two
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strain rate regimes. For example, in quasi-static regime, the strength of materi-
als is mostly controlled by the nucleation and growth of microcracks from large
processing-induced defects. The process of nucleation and dramatic growth of
these microcracks originates from localized tensile fields around inhomogeneities,
as was demonstrated for ceramics like Aly03, SizNy, and SiC [37, 38]. It is as-
sumed that such a mechanism dominates up to the strain rate of ~10? s'. In
dynamic regime, the observed increase in strength is related to the concept of
crack inertia as a factor controlling failure of the materials [36].

Another observation is that higher strengths are developed in the confined
specimens (most clear in the dynamic regime). This increase in strength is
most likely related to the fact that the confinement suppresses the development
of microcracks. This is due to a lower stress intensity factor at the crack tip,
which effectively delays the onset of microcracking and results in increased peak
strengths [39, 40, 36]. Note that the scatter of the results in dynamic regime
is very similar for uniaxial and confined case. It indicates that this scatter is
related to the variation in the microstructure, and not errors in experimental
technique.

We note that several of our quasi-static experiments were unsuccessful. This
is because the compression test of small size specimens by using the MTS uni-
versal machine has certain restrictions. For example, the specimen needs to be
nearly perfectly positioned between compression platen of the machine to ensure
uniform loading across the top surfaces of the specimen. If these conditions are
not met, the stress concentration appears at the edges of the specimen when
a higher force is applied. Consequently, this leads to premature failure of the
specimen through early ‘chipping’ during load. In several cases we noted that
the specimen chipped off during the test and failed at relatively low applied
stress levels. We do not believe that these pre-fractured results are useful, but

are included in Fig. 5.
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3.3. Fractography

Fracture surface observations of collected fragments provide further insight
into failure mechanisms. Figure 6(a) shows a flake-like free carbon inclusion
(labelled ‘C’) which developed cracks from the upper and lower part of its con-
tours in the direction of the compression axis. Here, the compression axis runs
approximately vertically in the figure (indicated by the blue arrow). Note that
the compressive stress direction is only approximate, and is based on the evalu-
ation of the resulting fracture surface and the orientation of the large flake-like
free carbon inclusion. For more details on the orientation of these large carbon
inclusions in a hot-pressed BC plate the reader is referred to Ref. [31]. The
geometry of the inclusion and crack propagation direction suggest the so-called
wing crack mechanism [39, 41, 42, 31]. Figure 6b shows the edge of a fragment
populated with carbon inclusions (labelled ‘C’). As indicated (by the white ar-
rows), the cracks initiated from these inclusions were able to grow extensively,
forming relatively flat fracture surfaces from inclusion to inclusion, and con-
tribute to the fragmentation process. The orientation of inclusions with respect
to the compressive load (approximately indicated by the blue arrow) suggests
that these cracks contributed to the axial splitting observed in high-speed im-
ages (Fig. 3b).

These examples show that the dominant failure mechanism is transgranular.
Once the crack initiates from an inclusion, the propagation direction is in general
consistent with the main compression axis. The crack can be deflected through
other inclusions in front of the crack tip, but does not appear to be deflected
when crossing the grains. Such an example is shown in Fig. 7a, with one
boxed area of interest shown at higher magnification in Fig 7b. In the figure,
the crack propagates from inclusion to inclusion (labelled as ‘C’) with little or
no deflection when traversing the grain boundaries (labelled as ‘GB’). These
mechanisms were observed in all studied specimens.

The failure modes were different for uniaxial and confined compression. For
example, if the specimen is subjected to uniaxial compression, a few cracks can

propagate and interact to give a failure on planes parallel to the dominant stress
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component (as shown in Figs. 6-7). However, an additional confining stress can
prevent this unstable crack growth and change the failure mode. Figures 8(a—b)
show the specimens after confined quasi-static compression, where exposed are
the free surface of the sample (Fig. 8a) and the surface that was in contact
with the WC disk, and which experienced the major compressive load (Fig.
8b). The main compression axis and confinement axis are indicated by the blue
and green arrows, respectively. It should be noted that in such experiments the
MTS machine was stopped at the moment of load drop to prevent any further
damage. In this case, as two compression forces act in two directions, only the
third principal axis (free surface used for visualization) is available for expansion.
Since it is the only stable direction for the crack growth, these cracks propagate
catastrophically parallel to the plane of the free surface, and split into slabs that
contain both loading axes.

A few cracks can also be observed in the direction perpendicular to applied
loads (indicated by the white arrows in Fig. 8b). These cracks, however, are
mostly within single slabs, and do not go through the whole specimen dimen-
sion. This suggests that they were formed at the later stages of deformation.
Figure 8a shows the fracture surface of the specimen in the X1 direction (free
surface). Note that this fracture surface is nearly flat through the entire spec-
imen, suggesting that the crack was initiated from a single or a few inclusions
interacting in the same failure plane. The upper side of the specimen shows
characteristic buckling behavior (the last stage of failure), where the material is
separated in the perpendicular direction to the principal compressive load (Fig.
8b). We hypothesize that the similar failure modes are present under dynamic
loading conditions. However, it is challenging to visualize these phenomena be-
cause of the dynamic character and the difficulty of stopping structural failure

in the dynamic experiment.

3.4. TEM investigation

Figure 9 shows the bright-field TEM micrographs of the fragments of the

specimen subjected to confined dynamic compression. These fragments are of

11
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particular interest because the confined dynamic compression experiment result
in the highest stress state at failure. Systematic tilting experiments of more than
20 fragments showed no stress-induced dislocations or deformation twins. This
suggests a lack of inelastic deformation or internal damage. It is also interesting
to note that many fragments contain grain boundaries. One typical example
is shown in Fig. 9a, which is composed of at least three grains (triple junc-
tion indicated by the arrow) with clearly visible grain boundaries. These grain
boundaries are sharp with no indication of cavitation damage. Note that the
edges of many fragments are very sharp and smooth. This observation agrees
well with those made by SEM (Fig. 6b) and confirms that the grain boundaries
are very strong and promote transgranular fracture. Figure 9b provides more
insight into the crack propagation mechanisms. The exposed fracture surface of
the fragment is more rough, and populated by cleavage steps (indicated by the
arrows). These fracture features most likely appeared as a consequence of the
crack propagation through neighboring grains with highly twisted boundaries
[43]. The SEM investigations revealed that these fracture features are very com-
mon (such steps and ridges on the fracture surface can be observed in Fig. 6b).
In this regard, Fig. 9a shows the fragment with a very smooth surface, indicat-
ing a possible crack propagation through tilted grains [43]. Figure 9¢ shows the
internal microstructure of a large fragment that contains multiple grains (note
that this fragment was polished down and further thinned to electron trans-
parency). The microstructure was free from damage and cracks. There was no
apparent change in the fraction of observed defects, such as dislocation, stack-
ing fault and twin density resulting from the impact events. For comparison,
the TEM micrograph of the intact material is presented in Fig 9d. Note in the

N

central part of the figure the flake-like free carbon inclusion (labelled as ‘C’).

8.5. Suppression of wing crack formation

The presented results have shown that the strength of this BC is flaw-
controlled for the investigated strain rates. That is to say, the strength of

the material results from the interacting wing cracks, which developed from the

12



325

330

335

340

345

intrinsic microstructural inhomogeneities. This was also true in the case of the
confined dynamic compression. It means that a higher confining pressure is
needed in order to shut down present failure mechanisms and activate poten-
tially new mechanisms. The driving force for the nucleation of the crack is the
critical stress intensity factor for mode—I, K;o. The wing crack mechanism is
not likely to be developed in the case of the K¢ value close to zero [20, 39, 41]
(this applies to the confined compression). In this regard, the mode-I stress
intensity factor (K) at the tips of the wing crack can be expressed as

K= 5 {(o2=o)VIF R + oz +01) } =0 (1)

where, o1 in the applied compressive stress, oo in the applied confining stress,
2a is the preexisting flaw size, and p is the coefficient of friction.
Thus, based on the theoretical considerations outlined above, the wing crack

mechanism can be suppressed if o is balanced by o2 as follow
09 = Coq (2)

where )
14 p?)2 —
= M (3)
(I+p?)2 +p
Assuming plane strain conditions, one can compute oz, and what follows, the

‘shut down’ pressure [20] for a given oy as

_ 2(1+v)(1+u2)%0 @
31+t +p

where v is the Poisson’s ratio.

If one assumes, for the sake of discussion, that v = 0.17, p = 0.15 [44],
and applied o1 = —3.75 GPa (that is close to the average dynamic uniaxial
compression of this BC), the ‘shut down’ pressure calculated from Eq. (4)
is of the order of —2.5 GPa. This pressure value is significantly higher than
those pressure levels imposed during the confined dynamic compression tests
presented here. In our experimental setup, the confinement effectively reduced

the mode-I stress intensity factor and delayed the microcracking mechanisms
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to higher levels of the most compressive principal stress. However, these were
not high enough to activate new failure mechanisms.

It is generally recognized that such microcracks constitute the dominant
fracture mechanism in BC materials over wide range of the stress states and
strain rates. It was demonstrated for many ceramics that a high compressive
state, such as generated in the so-called Mescall zone under sphere-impact ex-
periments, can activate severe microcraking (and damage) [45, 46]. This highly
damage zone was not observed in the case of BC with impact velocities up to
~300 m/s [45]. However, Chen et al. [3] observed shock induced local amor-
phization in BC fragments impacted at higher velocities (~900 m/s). This
suggests that localized shock amorphization is a potential high-rate mode of
deformation. Nevertheless, the results of this study showed that the material
responds elastically, and there is no evidence for additional mechanisms, at least

for this material and investigated strain rates and stress states.

8.6. Evolution of failure mechanisms

Finally, a link between material response, failure visualization and fractog-
raphy can be established. Figure 9 shows schematics of initialization and evolu-
tion of failure for investigated specimen geometry and loading conditions. When
the specimen experiences uniaxial loading conditions, stress concentrations first
develop in the vicinity of large carbon inclusions. The orientation of these inclu-
sions plays an important role in the failure initiation, as discussed in [31]. Note
that a single inhomogeneity can lead to the catastrophic failure of the structure
in the quasi-static case. This can explain the lower compressive strength as
compared to the dynamic case, in which stresses are distributed as a results
of activation of a larger number of inhomogeneities. Once these flaws activate
cracks, the propagation direction is aligned parallel to the direction of maximum
compression. Further unstable crack growth leads to structure separation form-
ing column-like fragments. These columns expand in the direction normal to
free surfaces due to the large amount of released energy. At this stage, buckling

occurs leading to further fragmentation.
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A confined compression leads to changes in the macroscopic failure response.
As in the uniaxial case, the specimen experiences stress concentrations in the
vicinity of carbon inclusions, but the resulting crack tip driving forces are smaller
and give rise to higher damage tolerance of the specimen (as discussed in Section
3.2). Note that the nucleated cracks are constrained in two directions. This leads
to preferential propagation of these cracks in both loading directions, and further
slab development. Similar to the uniaxial case, the slabs are then subjected to
buckling due to the expansion in the third principal axis (normal to the free
surface). This leads to a mixed mode of cracking, as revealed by the high-speed

camera images.

4. Summary

A modified Kolsky bar technique has been used to investigate the dynamic
behavior of hot-pressed BC under uniaxial and confined compressive strength
tests. The results have shown a noticeable difference in the developed strength
and macroscopic failure modes. It has been demonstrated that a relatively
small confining pressure can effectively suppress the crack growth and thereby
improve the mechanical performance of the material. However, a confined stress
state does not change the mechanisms of fracture, and transgranular fracture
has been reported in both cases. The SEM studies have also shown that the
microstructural defects, such as large carbon inclusions, cause premature failure
due to microcracking. A tensile character of these microcracks shows similar-
ity to the wing crack model. Detailed TEM studies have revealed that the
dislocations, deformation twins and grain boundaries do not contribute to the
damage process even under higher confining stresses, which confirms that mi-
crostructural defects act as nucleation sites. Finally, a strain rate dependence
for compressive fracture stress can be suggested if comparing the results ob-
tained from the quasi-static and dynamic regimes. However, we note that the
experimental setup used for confined compression tests under quasi-static load-

ing is exploratory in nature, which, nonetheless, provides better understanding
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of the behavior of BC under multiaxial stress state. To this end, these results
can be employed as a validation for the models, guidance for processing of BC

or improving application performance.
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List of Figures

Figure 1. Modified experimental setup of the compression Kolsky bar tech-
nique and a schematic of: (a) dynamic uniaxial compression; (b) confined dy-
namic compression.

Figure 2. Experimental setup of the confined quasi-static test: (a) cross-
section view; (b) 3D schematic view.

Figure 3. (a) Stress-time curves in uniaxial and confined dynamic tests;
(b) Photographs from the high-speed camera of the dynamic failure process
in uniaxial compression; (c) Photographs from the high-speed camera of the
dynamic failure process in confined dynamic compression. Blue arrows indicate
the direction of propagation of the traveling waves. The confinement axis is
indicated by green arrows. White arrows indicate the formation and extension
of surface cracks.

Figure 4. Photographs from the high-speed camera of the failure process
in confined quasi-static compression. Blue arrows indicate the direction of the
applied compressive load. Green arrows indicate the static confinement. White
arrows indicate the formation and extension of surface cracks.

Figure 5. Variation of the strength (peak stress) with respect to the loading
rate under uniaxial and confined loading conditions. ‘PF’ stands for premature
failure.

Figure 6. SEM micrographs showing: (a) wing crack formation from the
carbon inclusion [31]; (b) cracks interaction and coalescence leading to structural
failure of the sample. ‘C’ stands for carbon inclusion. Blue arrows indicate the
approximate direction of the compressive load.

Figure 7. SEM micrographs showing: (a) transgranular fracture surface; (b)
zoomed-in investigated fracture surface showing the cracks propagating between
inclusions (labelled as ‘C’) with little or no deflection when traversing the grain
boundaries (labelled as ‘GB’). The direction of the largest compressive principal
loading is indicated by the blue arrow.

Figure 8. SEM micrographs showing the specimens after confined quasi-
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static compression, where exposed are: (a) the free surface of the sample; (b) the
surface that was in contact with the WC disk, and which experienced the major
compressive load (the direction of the largest compressive principal loading is
normal to the image plane). The main compression axis and confinement axis
are indicated by the blue and green arrows, respectively.

Figure 9. TEM micrographs showing characteristic fragments of the speci-
men that was subjected to confined dynamic compression: (a) typical damage-
free fragment; (b) cleavage steps as a consequence of the crack propagation
through neighboring grains with highly twisted boundaries; (c) internal grain
structure of the fragment that was polished to electron transparency; (d) grain
structure of the intact material with the indicated carbon inclusion (labelled as
‘C).

Figure 10. Failure processes in uniaxial and confined compression tests.
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