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Three armor-grade boron carbide cylinders were previously impacted with cemented
carbide spheres at velocities 103 m/s, 209 m/s, and 312 m/s, respectively. These
cylinders were subsequently sectioned and metallographically prepared to reveal sub-
surface damage as a function of impact velocity. Each cylinder exhibited severe
cracking including radial, shallow lateral, ring, and Hertzian cone cracks. The
shallow lateral cracks extended to the upper surface, allowing spallation of material
surrounding the impact site. No Mescall zone (i.e. comminuted region) was
observed immediately beneath the impact site. At the impact site, an intact truncated
cone was observed for an impact velocity of 103 m/s, while at the higher impact
velocities, erosion of the cone was observed. Examination of these eroded cones
revealed intense cracking. Furthermore, at the highest impact velocity of 312 m/s,
narrow bands, which appear consistent with shear localization, were observed.
Characterization of the sub-surface damage and shear localization “bands” by field-
emission scanning electron microscopy is presented. Preliminary micro-Raman
spectroscopy of the shear localization “bands” is also included.

INTRODUCTION

Because of its sufficient hardness and low density, boron carbide (B4C) is an
attractive ceramic for lightweight armor technologies designed for defense against
common armor-piercing small-caliber threats [1-2]. However, it is generally found that
B4C loses its performance edge against medium-caliber threats [3] and possibly more
severe small-caliber threats [4]. The reason for this loss of performance efficiency is
not known with absolute certainty.

Plate impact work on B4C has provided measurement of the mechanical response to
shock compression [5-9]. Particle velocity histories are significantly different than
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those for ceramic variants of aluminum oxide (Al,Os), silicon carbide (SiC), and
titanium diboride (TiBy) [6]. According to Bourne et al.[7], the response is more
analogous to an amorphous glass than a polycrystalline ceramic. This is interesting
because when subjected to compression, amorphous materials such as metallic glasses
are susceptible to shear localization [10-11]. This suggests the possibility that B,C may
also be prone shear localization when subjected to compression.

Recently, results from a number of studies have supported the notion that B4C is
prone to shear localization. In their work on the ballistic performance of B,C-based
armor targets against a small-caliber cemented carbide cored projectile, Moynihan et
al.[12] encountered a “shatter-gap”. Unlike the traditional shatter-gap phenomenon, this
one did not appear to be associated with a transition from intact core penetration to
fragmenting core penetration. Examination of B,C fragment sizes below and above the
shatter-gap revealed a difference in fragment size distributions. Fragments from both
populations were examined by Chen et al.[13] using transmission electron microscopy
(TEM). TEM examination revealed the presence of nanometer wide amorphous bands
in the fragments above the shatter-gap. These amorphous bands were not present in the
fragments below the shatter-gap’. Amorphization of B,C was previously suggested,
though not concluded, by Domnich et al.[14] based upon their nanoindentation/Raman
spectroscopy study on B4C. The change in intensity of the amorphous carbon (C) peaks
in the Raman spectrum taken from within the indent was indicative of structural change.
Subsequent TEM examination by Ge et al.[15] of in-situ indents in B4C confirmed the
presence of shear amorphization regions as well as comminution at the nano-scale. The
energetic driving force for the formation of these amorphous bands was recently studied
by Fanchini et al.[16]. Based on a Gibbs free-energy analysis of B,C polytypes with
different possible boron (B) and C arrangements, they concluded that the B;,(CCC)
polytype (i.e. B, icosahedra connected by C-C-C chains) possessed the lowest
mechanical stability when subjected to high pressures. The collapse of this crystal
structure leads to the formation of 2-3 nm bands along the (113) lattice plane which are
composed of By, icosahedra and amorphous C [16].

In an attempt to gain further insight into the mechanistic reasons why B,C behaves
differently from other ceramics under dynamic loading conditions, LaSalvia et al.[17-
18] impacted SiC, TiB,, B4C, and WC cylinders with cemented carbide spheres at
velocities ranging between 100 m/s and 500 m/s. For SiC and TiB;, polished cross-
sections revealed cone (shallow ring and Hertzian) cracks and a compressive damage
region, commonly referred to as the Mescall zone, immediately beneath the impact site
(see Figure 1a [17]). This is consistent with the damage observed in these ceramics

"While the results of Moynihan et al.[12] led to the observation of shear amorphization in B,C, it is not
certain that this is the mechanism responsible for the shatter-gap. Other work revealed that the shatter-
gap is dependent on tile size which indicates a connection to fracture toughness.
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Figure 1. Polished cross-sections of armor-grade (a) SiC [17] and (b) B,C [18] showing damage
resulting from the impact of WC spheres at 322 m/s and 312 m/s, respectively.

following their impact and recovery in interface defeat experiments conducted by
Hauver et al.[19]. The resulting damage in the B4C impacted at 312 m/s is shown in
Figure 1b [18]. No Mescall zone is evident. Furthermore, the top surface of the
truncated cone (bounded by top surface and main cone cracks) is 0.5 mm lower than the
initial top surface. Closer examination at the top of the eroded truncated cone reveals
fine cracking, as well as narrow “bands”* of sub-micron fragments of B,C as indicated
by arrows in Figure 2 [18]. These bands are similar to the shear localization bands
observed in Al,O3 and SiC by Meyers et al.[20] in their work involving explosively-
driven collapse of thick-walled ceramic cylinders. Their work coupled with that of Ge
et al.[15] strongly suggests that the bands shown in Figure 2 are shear localization
bands. In an attempt to further study and gain better understanding of these bands, field-
emission scanning electron microscopy (FE-SEM) and micro-Raman spectroscopy were
utilized. General observations of characteristic damage features as a function of impact
velocity and preliminary micro-Raman spectroscopy results are presented and
discussed.

EXPERIMENTAL PROCEDURES

Solid cylinders of a armor-grade B4C (25.4 mm x 25.4 mm), manufactured by BAE
Advanced Ceramics Division, were impacted with 6.35 mm diameter cemented carbide

*Quotations marks are used to indicate that the actual three-dimensional shape of these structures is
unknown. Hereafter, simply referred to as bands.
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Figure 2 [18]. Cracking and micro-scale shear localization bands (arrows) of finely fragmented B,C at
the top surface of the eroded truncated cone.

Table 1. B,C and WC-6Co Characteristics

. . Young's . ,.| Knoop Hardness | Fracture | Tensile
Material D<7n3|gy Grain Size Modulus Pmsion S @ 2 kg Toughness | Strength
(gem) | (um) | “gpa) | rato (GPa) (MPa*m'?) | (MPa)
B,C 2.52 15 465 0.17 18.9 2.9 450
WC-6Co | 15.00 2 629 0.21 - - 3500

(tungsten carbide with six weight percent cobalt, i.e. WC-6Co) spheres at velocities
between 100 m/s and 300 m/s. Several physical and mechanical characteristics for the
B,4C and WC-6Co materials used in these experiments are listed in Table 1. The values
for Young’s modulus, Poisson’s ratio, and tensile strength for WC-6Co were estimated
based upon values obtained for a WC-6Co material with less than two percent porosity
[21]. With the exception of the tensile strength estimate for the WC-6Co spheres, the
measurement techniques used to determine them are described elsewhere [17]. In
addition, details of the procedures for the sphere impact experiments are described by
Normandia[22]. Impacted cylinders were sectioned adjacent to the impact site. The
center of impact was revealed by carefully removing material through diamond
grinding/polishing. Final polish was accomplished using colloidal silica. Polished
cross-sections were examined using a Hitachi 4700 FE-SEM with back-scattered,
secondary, and in-lense electron detectors, and energy-dispersive spectrometer (EDAX).
Micro-Raman spectroscopy was conducted using a Renishaw InVia with 100 mW
diode-based 785 nm wavelength near-IR laser with a spot size of 10 um.




Shear localization in a sphere-impacted armor-grade boron carbide 1333

L L
S0.0

- e
S4700 1.0V 4.0mm x1.00k SE{U) 12/14/2006 18:38

Figure 3. Microstructure of armor-grade B,C. Dark features (arrows) are graphite particles.

RESULTS AND DISCUSSION

Figure 3 shows the microstructure of the armor-grade B,C. As can be seen, the
grain size is rather coarse, with a mean value of approximately 15 um. Furthermore, the
dark spots which appear to be porosity are actually graphite particles. The largest
particles are greater than 10 um in size. For the most part, these particles are
intergranular. However, some of the smallest particles are intragranular.

The most noticeable feature observed in the B4C cylinder impacted at 103 m/s was
the intact truncated cone at the impact site as shown in Figure 4 [18]. The material
surrounding this cone spalled off during unloading as a result of shallow lateral cracks
intersecting with the top surface. The polished cross-section revealed multiple ring
cracks surrounding the truncated cone and no Mescall zone.

At an impact velocity of 209 m/s, the truncated cone is no longer intact. Its height is
below that of the initial impact surface. It is not known when this erosion took place,
i.e. during loading, unloading, or both. A lateral crack near the top of the eroded cone
was observed. This was most likely formed during unloading, strongly suggesting that
the erosion occurred during loading. Cracking at the impact site and surrounding
regions is more intense than at 103 m/s. It is possible that the erosion was simply due to
the movement of this intensely cracked material. No shear localization bands were
observed.

Figure 5 is a series of SEM micrographs taken from the polished cross-section of the
eroded cone region for the cylinder impacted at 312 m/s. The boxes indicate the
approximate locations where the subsequent images were taken. Intense cracking is
clearly visible in Figures 5(a), (b), and (c). At sufficiently high magnification, shear
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Figure 5. SEM micrographs from cylinder impacted at 312 m/s. Boxes designate approximate locations
for subsequent images. (a) Eroded cone region. (b) Top of eroded cone. (c) Shear localization bands at
top of eroded cone (arrows). (d) B4C particles within shear localization bands.
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Figure 6. Raman spectra from B,C cylinder impacted at 312 m/s. (a) Pristine region, (b) Shear
localization band, and (c) Tip of shear localization band. Diode-based laser with excitation wavelength of
785 nm.

localization bands as indicated by arrows in Figure 5(c), become noticeable at the top of
the eroded cone. While the bands can be described as irregular in shape, they appear to
nominally follow the expected lines of maximum shear stress [11, 23]. Energy-
dispersive spectroscopy revealed only B and C within the bands. Oxygen (O) was not
detected. Figure 5(d) is a close-up of the fragments within a band. The fragments are
clearly sub-micron in size, with the majority less than 0.5 um in size (~ 100 nm). In
their TEM examination of nanoindents in B4C, Ge et al.[15] showed the presence of
newly formed nano-crystals.

A basic question concerning these bands is whether or not the nano-scale shear
amorphization mechanism, first observed by Chen et al.[13] and later by Ge et al.[15], is
involved in their formation? In an attempt to answer this question, micro-Raman
spectroscopy was used to determine if the material in these bands exhibit spectra
consistent with shear amorphization.

Figures 6(a), (b), and (c) show the normalized Raman spectra for pristine B,C, from
within a shear localization band, and from the tip of the shear localization band,
respectively. The relatively small D (disordered, ~ 1330 cm™) and G (graphite, ~ 1580
cm™) bands within the Raman spectrum for pristine B4C most likely correspond to the
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presence of very fine-scale intragranular disordered graphite (not the large graphite
particles shown in Figure 3) [14, 24]. The Raman spectrum from the shear localization
band indicates an increase in very fine-scale disordered graphite (relatively large D and
G peaks), while that from its tip indicates very fine-scale amorphous C (large D peak
coupled with almost non-existent G peak) [16]. In addition, the peak near 1780 cm™ in
the spectrum from the tip of the shear localization band has been previously attributed to
the presence of amorphous B4C (a-B4C) [15, 25]. While these results are preliminary
and additional work needs to be done in order to identify the mechanisms responsible
for the spectra shown in Figures 6(b) and 6(c), they are consistent with the hypothesis
that the shear amorphization mechanism is the precursor for the formation of the
observed shear localization bands. That is, nano-scale shear amorphization ahead of the
micro-scale shear localization band results in the formation of a-B,C; subsequent
deformation leads to fine-scale fragmentation of the a-B,C into relatively narrow bands.

SUMMARY

In an attempt to gain better insight into the mechanisms responsible for both the
ballistic and dynamic behaviors of B4C, three cylinders of a commercial armor-grade
B,C variant were impacted with WC-6Co spheres at 103, 209, and 312 ml/s,
respectively. Sub-surface damage features were described. Examination of the impact
site of the B4C cylinder impacted at 312 m/s by FE-SEM revealed intense cracking and
shear localization bands (i.e. inhomogeneous deformation). The material within these
bands was finely comminuted. The apparent size of the B4C fragments was sub-micron,
with the majority of fragments less than 0.5 um. Micro-Raman spectroscopy was used
in an attempt to determine if shear amorphization was a possible mechanism for the
formation of the bands by determining the nature of the fragments within the bands.
The preliminary Raman spectra from a band and near its tip revealed features previously
attributed to amorphization of B4C. This supports the hypothesis that the formation of
the shear localization bands is intimately connected with shear amorphization originally
observed by Chen et al.[13] and mechanistically described by Fanchini et al.[16].
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