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Structural damage in boron carbide under contact loading
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Abstract

A systematic study of mechanical deformation of boron carbide under contact loading is conducted using scratching and depth-

sensing indentation (nanoindentation). Both single crystal and polycrystalline materials are investigated by means of Raman

microspectroscopy and transmission electron microscopy (TEM). High resolution TEM images of scratch debris reveal various

microstructural changes including formation of nanocrystals, as well as lattice shearing and distortion on nanoscale. Deformation

bands and microcracks oriented along the (1 1 3) planes are visible in cross-sectional TEM micrographs of indentations. Narrow

amorphous bands and local disordered areas are observed in plan-view TEM images. Evidence for a high-pressure amorphous phase

is also presented. It is concluded that scratching and nanoindentation change the microstructure of boron carbide in a similar

manner. In addition, the evidence for formation of sp2 hybridized carbon as a result of structural changes induced by contact

loading is found by electron energy loss spectroscopy (EELS).

� 2004 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Boron carbide is used for a wide range of engineering

applications because of its exceptional hardness, out-
standing elastic modulus, and low specific gravity [1].

Given such unique mechanical properties, mechanical

deformation of boron carbide under different types of

loading conditions has been studied over the past 20

years [2–4]. Various testing methods, including ultra-

sonic techniques [3] and Vickers indentation [4] were

utilized to measure modulus, hardness and fracture

toughness. There is considerable interest in the appli-
cation of boron carbide as light-weight armor [1], and

shock compression tests have been performed to inves-

tigate its effectiveness against ballistic impact [5–7].

Boron carbide was found to display an anomalous

shock-yielding behavior under high-impact shock com-

pression, resulting in catastrophic deformation at high
* Corresponding author. Tel.: +1-215-895-6446; fax: +1-215-895-

6760.

E-mail address: yg36@drexel.edu (Y. Gogotsi).

1359-6454/$30.00 � 2004 Acta Materialia Inc. Published by Elsevier Ltd. A

doi:10.1016/j.actamat.2004.05.007
contact pressures in excess of a certain pressure thresh-

old [8]. In a recent study of shock fragments produced

by ballistic testing of hot-pressed boron carbide, Chen

et al. [9] suggested that the formation of nanoscale in-
tragranular amorphous bands might be responsible for

this phenomenon, as opposed to deformation by twin-

ning when contact pressures associated with ballistic

impact are relatively low. Despite these studies, to date

the deformation behavior of boron carbide under con-

tact loading is poorly understood. A technique that in-

volves depth-sensing indentation (nanoindentation) and

mechanical scratching, combined with Raman micro-
spectroscopy and transmission electron microscopy

(TEM), is used in the present study.

Nanoindentation has proven to be a powerful tech-

nique in providing information on mechanical proper-

ties (hardness or elastic modulus) of the investigated

materials, and variation of these properties with pene-

tration depth, based on analysis of respective load–

displacement curves [10–13]. While diamond anvil
experiments are capable of studying the mechanical

deformation and phase transformation in bulk materials
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under hydrostatic pressure, the material behavior under

nanoindentation is of more relevance to realistic contact

or impact loading conditions [14]. Average contact

pressure during indentation, which is known to scale

with the material hardness, reaches 40–45 GPa in boron
carbide single crystals [11]. It has been reported that the

presence of deviatoric stresses associated with nanoin-

dentation may significantly facilitate high pressure phase

transitions, lower their pressure threshold and even

change the mechanisms of these transitions [15,16]. At

the same time, significant changes in Raman spectra of

the indented area compared with those of the pristine

material indicated that some drastic structural changes
were occurring in boron carbide under localized contact

loading [17]. The authors attributed such changes to

either a solid state phase transformation (similar to a

transition from rhombohedral to orthorhombic struc-

ture in boron carbide reported by Manghnani [18]),

or to amorphization of the B4C structure during

nanoindentation.

The shape of nanoindentation load–displacement
curves can often suggest structural changes that occur

within the indented material during the test. For ex-

ample, the onset for dislocation slip or twinning in

Al2O3 and SiC [19–22] and the solid-state phase trans-

formations in Si and Ge [23–25] have been associated

with discontinuities in nanoindentation load–displace-

ment curves of these materials. However, no such pe-

culiarities have been reported for boron carbide, whose
deformation behavior during nanoindentation most

closely resembles that of a classical elastoplastic re-

sponse, with featureless loading and unloading curves

and seemingly purely elastic unloading [11].

Although both shock impact tests and nanoindenta-

tion established that the mechanical deformation of

boron carbide involves some unusual structural changes,

the underlying mechanisms responsible for the unique
mechanical behavior of this material are not clear.

Furthermore, the possibility of a solid-state phase

transition in boron carbide under pressure is still to be

verified. In this study, cross-sectional and plan-view

TEM studies are implemented to investigate the micro-

structural changes beneath nanoindentation in both

single crystal B4:3C samples and hot-pressed polycrys-

talline boron carbide, and Raman spectroscopy is done
inside the indented areas. Results of the investigation of

scratches produced on single crystal boron carbide are

also reported.
2. Experimental

Single crystal and polycrystalline boron carbide were
tested for this study. The single crystal samples were

prepared by float zone method at the Advanced Mate-

rials Laboratory of the National Institute for Materials
Research in Tsukuba, Japan [17]. The crystal composi-

tion was determined to be B4:3C using a carbon deter-

minator (WR-12, Leco Co., USA). The polycrystalline

materials were hot-pressed at Wacker Ceramics, Ger-

many. The surfaces of both materials were polished
using first 3 lm and then 1 lm diamond abrasive.

Nanoindentation experiments were performed using

a Nano Indenter XP� (MTS) equipped with a Berkovich

diamond indenter. The maximum applied loads ranged

from 100 to 200 mN. The loading and unloading rates

varied between about 6 and 13 mN/s. Post-indentation

characterization was performed using a Renishaw 1000

Raman spectrometer (Renishaw, UK). An argon ion
laser operating at the excitation wavelength of 514.5 nm

was used for Raman analysis. Cross-sectional TEM

(XTEM) specimens of single crystal B4:3C were prepared

by the lift-out technique using a dual-beam focused ion

beam (FIB) station (FEI Strata DB 235). A low dose of

Gaþ ion beam (�70 pA) was adopted in the final

cleaning cut to minimize surface damage and redeposi-

tion. The plan view TEM samples were extracted from
indented hot-pressed polycrystalline material. Preparing

plan-view TEM specimens without introducing any

micro-structural changes in the indentation area in-

volves considerable experimental challenges [26,27], es-

pecially for an extremely hard and brittle material such

as boron carbide. The preparation of plan-view TEM

samples starts with two lines of nanoindentations that

cross in an ‘‘+’’ shape on a polished surface of poly-
crystalline boron carbide. The spacing between inden-

tations was 10 lm. The indented specimen was then

thinned down to 100 lm by mechanical polishing. After

dimpling, a layer of nail polish was applied to protect

the indentation surface from redeposition during single-

side ion milling. Interrupted ion milling was used to

minimize heating and possible structural changes in a

Gatan precision ion polishing system (PIPS) station.
Raman spectroscopy was performed on both cross-

sectional and plan-view samples before and after sample

preparation. Spectra taken at each time showed identical

peak intensities and positions (see Fig. 6 in Appendix A),

suggesting no structural change during the sample

preparation. The TEM samples were examined in a

JEOL 2010F TEM operating at 200 kV with a point-

to-point resolution of 0.23 nm and a lattice resolution of
0.10 nm. A Gatan image filter was also attached for

energy filtered imaging and electron energy loss

spectroscopy (EELS).

Mechanical scratches on the polished surface of a

single crystal sample were made using a diamond scri-

ber. The scratch grooves and debris were characterized

by Raman spectroscopy. Scattered debris was collected

onto a lacey carbon coated grid for TEM examination.
The advantages of TEM analysis on wear debris include

easy collection and exclusion of any possible artifacts

due to sample preparation.
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In situ nanoindentation in a JEOL 3010 TEM was

performed to image the microstructural evolution under

indentation in real time by using a recently developed in

situ stage [28]. During in situ nanoindentation, a Ber-

kovich diamond indenter approaches the electron-
transparent sample in the normal direction of electron

beam. Penetration of the diamond indenter into the edge

of the sample is controlled by a piezoceramic actuator,

along the h0 0 1i zone axis of the single crystal. The

sample is a 500-nm thick membrane that was prepared

at one edge of a thin slice of single crystal B4:3C by using

a dual-beam FIB.
3. Results and discussion

3.1. Raman analysis

Consistent with previously reported data [29–32],

Raman spectra of samples prior to contact loading

showed a series of bands extending from 200 to
1200 cm�1 (Fig. 1(a)), assigned in literature to vibrations

of principal structural elements in boron carbide, ico-

sahedra and three-atom linear chains [29–32]. Exami-

nation of Raman spectra obtained from various surfaces

subjected to contact loading (Figs. 1(b)–(d)) reveals

drastic structural changes that occur in boron carbide

during indentation or scratching. The most notable is

the appearance of several new broad bands at higher
frequencies, in particular a prominent band centered

around 1330 cm�1. Such changes in Raman spectra are

consistent with previous observations of Berkovich

nanoindentations made in boron carbide single crystals

[17]. As one of the possible deformation scenarios, it was
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Fig. 1. Raman spectra of: (a) pristine single crystal B4:3C; (b) indented

single crystal; (c) indented hot-pressed polycrystal; (d) scratch debris of

a single crystal; (e) annealed scratch debris in air by using an argon ion

laser with excitation wavelength of 514.5 nm.
suggested in earlier work that extreme disordering of

boron carbide during nanoindentation might lead to the

destruction of the B4C structure and formation of car-

bon rings, possibly incorporating some boron, from the

broken C–B bonds. An alternative scenario included the
possibility of a high pressure solid-state phase trans-

formation in material under the indenter [17]. Since

Raman spectra have similar high-frequency bands for

indents made in single crystals (Fig. 1(b)) and poly-

crystalline (Fig. 1(c)) material, as well as for scratches

and scratch debris (Fig. 1(d)), a similarity in micro-

structural changes in the material under various contact

loading situations is evidenced. Additionally, spectra
reported in Fig. 1(b)–(d) have been acquired using a low

intensity laser beam in order to avoid artifacts due to

laser heating. When an intense laser beam was used for

investigation of scratch debris, increased temperature on

the analyzed surfaces resulted in the appearance of

characteristic features of amorphous or disordered sp2

carbon, as evidenced by Raman bands at 1350 and

1590 cm�1 (the D and G bands [33]) in Fig. 1(e). This
observation also indirectly confirms that the structure

after scratching or nanoindentation testing is not merely

sp2 carbon, albeit a wide variation of spectral features

that different forms of carbon can encompass [34]. In

order to explore the mechanisms responsible for fun-

damental changes in Raman spectra of boron carbide

and to understand the details of its deformation be-

havior under contact loading, TEM investigation of
both scratch debris and indentations was employed.

3.2. TEM results and analysis

TEM investigation of boron carbide began with

analysis of debris from scratches made in single crystal

samples. The debris particle sizes were on the nanometer

to micrometer scale. A relatively small debris particle of
about 200 nm in diameter is shown in Fig. 2. Although

the low-magnification image (Fig. 2(a)) did not give any

hints on the structural changes in boron carbide after

scratching, an abundance of interesting features was

revealed from the high-magnification images of the de-

bris edge (Figs. 2(b)–(d)). In particular, high-magnifi-

cation images suggest that during dynamic loading,

single crystal boron carbide can experience various de-
formation paths which include formation of nanocrys-

tals (Fig. 2(b)), lattice shearing (Fig. 2(c)), and lattice

deflection (Fig. 2(d)). A preferred orientation for the

nanocrystalline grains in Fig. 2(b) was not observed.

Only two plausible mechanisms may be responsible for

such random grain orientation: (i) the single crystal has

been deformed via breakage of some lattice bonds and

subsequent rotation has occurred in order to accom-
modate shear strains, or (ii) boron carbide underwent a

solid-state phase transformation under high con-

tact pressures, and the resultant high-pressure phase



Fig. 3. (a) Bright field and (b) dark Field XTEM micrographs of a 200

mN indent.

Fig. 2. (a) TEM micrograph of scratch debris. (b)–(d) Magnified im-

ages of the debris edge area, corresponding to the boxed area in (a).
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recovered to the regular rhombohedral structure after

load release, in the form of randomly oriented nano-

crystalline grains. The lattice shearing observed in

Fig. 2(c) occurred along a specific crystallographic plane

of single crystal B4:3C, namely the (1 2 0) plane, and the

resultant planar defects resemble shear induced amor-

phous bands similar to those observed by Chen et al. [9]
in the boron carbide ballistic fragments. We also note

that our comparative energy dispersive spectroscopy

(EDS) analysis of scratch debris and the pristine mate-

rial did not show any noticeable changes in the boron-

to-carbon ratio, nor did it show the presence of oxygen.

XTEM of a 200 mN indentation produced on the

(0 0 1) surface of single crystal B4:3C is shown in Fig. 3.

The bright field micrograph of a typical indentation
(Fig. 3(a)) reveals shear bands oriented along the h113i
direction, which is in contrast to the twinning habit

planes along the h110i direction observed in hot-pressed

boron carbide. This is a clear example of a slip mecha-

nism, which apparently proceeded through the creation

and propagation of microcracks. Using selected area

diffraction (SAD), no evident signs of a phase transfor-

mation or amorphization beneath the indent were ob-
served. However, when the specimen was tilted to the

h31�1i zone axis of the parent material, the electron dif-

fraction of the indented area produced a very peculiar

pattern shown as an inset in the right bottom corner in

Fig. 3(b). This pattern consists of two sets of diffraction

patterns with the series of (1 �1 2) planes as the common

reflections, one of which is the same as the diffraction

pattern of the surrounding pristine area (inset in the left
top corner in Fig. 3(b)), and the other can be assigned to
the zone axis of the h51�2i direction of the rhombohedral

structure. This indicates that some part of the indented

material has been rotated around the h1�12i direction by
about 7.5�. By choosing the (1 1 3) reflection (see Fig. 3(b)
inset), the rotated part has been highlighted in the dark

field image shown in Fig. 3(b). It is evident that the

highlighted part of the indent has a polycrystalline state

(Fig. 3(b)), with the size of the smallest grains on the

order of 20 nm. Thus, single crystal boron carbide was

broken under load into nanocrystals which rotated to a

certain degree under indenter. The structural changes
within the indented area are also quite heterogeneous.

Because the appearance of deformation bands and mi-

crocracks greatly relaxed the elastic strain on the left side

beneath the indent shown in Fig. 3, lattice rotation and

nanocrystallization was probably constrained in the un-

relaxed side of the indent (the bright area in the indented

region in Fig. 3(b)). In addition, the appearance of shear

bands and their glide into deeper areas under a pene-
trating Berkovich diamond tip was videotaped in real-

time during in situ nanoindentation on a thin membrane

of bulk single crystal B4:3C. The movement of strong

bend contours was also observed around the affected

region. However, corresponding pictures are not in-

cluded in this publication due to a low video resolution.

Fig. 4 shows the high resolution images obtained in

the plan view TEM investigation of a 100 mN inden-



Fig. 4. (a) Plan view TEM micrograph of a 100 mN Berkovich indent.

(b) A magnified image showing the amorphous bands along the (1 1 3)

and (0 0 3) planes. (c) and (d) HR lattice images corresponding to the

boxed area in (a) and (b). (e) A primarily amorphous region within the

Berkovich indent.
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tation made in hot-pressed boron carbide. The surface

cracks oriented along certain crystallographic directions
were found at the corner and along the edge of the in-

dent (Fig. 4(a)). Although SAD of the entire indent did

not show signs of amorphization or phase transforma-

tion, the magnified images in Figs. 4(b) and (c) reveal

narrow amorphous bands (up to �9 nm) within the

indentation area, similar to amorphous bands (�1–3 nm

wide) observed by Chen et al. [9] in small boron carbide

fragments collected after high velocity ballistic impact.
The observation of a perfectly aligned lattice on either

side of the amorphous bands in Fig. 4(c) rules out the

possibility of formation and subsequent rebonding of

the two cracked surfaces or local melting under contact

pressure. No evidence of extensive dislocation plasticity
was observed at the sharp tip of the amorphous bands

(Fig. 4(d)). The extremely narrow width and the sharp

tip of the amorphous bands suggest that amorphization

was initiated by local shear instability. In contrast to the

observation of impact fragments in which the amor-

phous bands were oriented along a specific preferred

plane [9], the amorphous bands in the indents have

various orientations and intersect with each other to
form a network. In the central area of the residual in-

dent, a local amorphized region rather than narrow

bands is observed as well. Within the amorphous zone,

there are several nano-sized grains with retained

orientation (Fig. 4(e)). Fast Fourier transformation

(FFT) simulation is employed on the two boxed areas

(Box 1, 2) for comparison. The FFT pattern of Box 1

shows spot reflections indicative of the rhombohedral
crystal structure of boron carbide. In contrast, only a

diffuse halo, a typical feature of amorphous material, is

visible in the simulated pattern of Box 2. The observed

unsmooth interface between the crystalline and amor-

phous zones is similar to earlier high resolution obser-

vations for silicon [26]. It is conceivable that due to the

limited number of dislocation slip systems in boron

carbide, anisotropy and a heterogeneous stress distri-
bution beneath the indenter triggers amorphization

along the preferred crystallographic directions or a lo-

calized distortion-induced disordering.

It is important to note that similar amorphous shear

bands were also observed along some crystallographic

planes beneath silicon indentations [35,36]. Because

silicon is known to experience phase transformations

under indentation [37], a possible high-pressure phase
transformation during boron carbide indentation has

been considered. Manghnani [18] suggested a phase

transition from the rhombohedral to orthorhombic

structure in boron carbide at a hydrostatic pressure of

�20 GPa. The high-pressure phase was reportedly

denser and more compressible than the ambient-pres-

sure phase. Moreover, further compression was re-

portedly followed by another phase transition when the
hydrostatic pressure reached 44–49 GPa. However, this

observation has not been independently confirmed and

the detailed lattice information of the high-pressure

phase has never been reported in the literature. In the

present TEM observations, both SAD and high reso-

lution imaging showed that some patterns slightly de-

viated from the calculations based on the published

lattice constant for boron carbide (JCPDS-ICCD #35-
0798). A small mismatch could be explained by local

lattice distortion due to residual strain or that

the rhombohedral unit cell volume can vary with the
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carbon ratio in this compound [38]. However, many

solid-state phase transformations in different materials

involve a very small lattice distortion, such as that

found in PZT [39] and Si [40]. Additional character-

ization is required to clarify the existence of a high-
pressure phase transformation in boron carbide during

contact loading and the precise reason for appearance

of new Raman bands.

By means of EELS, it was found that the amorphous

structure (boxed area 2 in Fig. 4(e)) showed a different

carbon K edge compared to the crystalline lattice

(Fig. 5). The appearance of an enhanced p� peak in the

carbon K edge indicates the existence of sp2 bonding,
i.e. carbon double bonding in the material. The change

of chemical composition within the indents is not ex-

pected because both surface oxidation and bulk diffu-

sion in boron carbide seem unlikely at room

temperature. Under contact pressures of �40 GPa

achieved during nanoindentation, it is reasonable to

conceive that some carbon double bonds have been

produced by lattice breaking and rearrangement of
carbon atoms. Unlike the carbon edge, the core-loss

edge of boron shows little fundamental changes (Fig. 5).

Therefore, it is believed that the boron atoms have re-

tained their chemical state, while the chemical state of

carbon has been partially modified during nanoinden-

tation. Combining Raman results with TEM observa-

tions, the new broad Raman bands of the residual

indent can be thus attributed to amorphous boron car-
bide observed in Fig. 4(e). However, it is noteworthy to

mention that this amorphous or disordered phase is

different from the amorphous thin film of boron carbide
200 250 300 350

C K

C K

B K

B K

(b)

(a)

Energy loss (eV)

π∗

Fig. 5. EELS spectra of: (a) pristine; (b) amorphized boron carbide of

box 2 in Fig. 4(e).
produced by vapor phase deposition at ambient pressure

[41], as suggested by Raman spectra and the changed

chemical state of carbon atoms. Thus, this may be a

denser high pressure amorphous material produced ei-

ther as result of direct amorphization or transformation
of a metastable high-pressure phase of boron carbide.
4. Conclusions

The microscopic and spectroscopic investigation

through Raman analysis combined with TEM showed

that similar microstructural changes were induced in
boron carbide by scratching and nanoindentation. Ra-

man data show the appearance of new peaks in scrat-

ched and indented areas which are wide and indicative

of a phase that is amorphous in nature. In the XTEM

investigation, the deformation bands were observed

along certain crystallographic planes and a heteroge-

neous deformation was evidenced as well. Plan-view

TEM observations have identified the formation of
amorphous bands and local amorphized areas in the

residual indentations. The EELS results showed that

contact loading not only affected the lattice structure of

this material but also changed the chemical state of

carbon atoms. Therefore, the significant changes in the

Raman spectra of boron carbide after contact loading

can be attributed to presence of a high-pressure amor-

phous phase of boron carbide.
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Appendix A
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Fig. 6. Raman spectra of a Berkovich indentation on hot-pressed

polycrystalline boron carbide (a) before and (b) after sample prepa-

ration for TEM investigations. No obvious difference is observed in

these two spectra, indicating that the phase composition of the sample

has not been altered during ion milling. Similar spectra were collected
from all TEM samples before and after sample preparation.
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