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The measurements of hardness and elastic modulus have been conducte66hand (1011)

faces of B {C single crystals using nanoindentation. The results are in good agreement with the
corresponding values obtained using a conventional microhardness technique on polycrystalline
ceramics. Raman microspectroscopy analysis of the nanoindentations shows the appearance of
several bands which suggest dramatic structural changes in the indented material. Localized contact
loading may lead to damage in boron carbide resulting in disorder or a pressure-induced solid state
phase transformation in the region under the indenter, although the exact mechanism responsible for
the observed Raman spectra could not be identified at this time. This may explain why little
variation in mechanical properties was observed with respect to the crystallographic
orientation. © 2002 American Institute of Physic§DOI: 10.1063/1.1521580

Boron carbide is one of the hardest materials known andliamond abrasives of Am followed by 3um grit size with
it is widely used as an abrasive and in lightweight armora final polish using 0.um Al,O;.
applications: Given the high hardness of boron carbide, it is Nanoindentation experiments were performed using a
of fundamental interest to explore its mechanical propertiedNano Indenter XP® testéMTS) equipped with a Berkovich
under conditions of extreme contact pressures. A techniquéiamond indenter. The tests were performed as follows: load-
to approach this task is through indentation testing combinethg to the maximum load and unloading by 90%; reloading
with Raman microspectroscopylhe method has been suc- to the maximum load and unloading by 95%; holding for 20
cessfully used to identify pressure-induced phase transitions at 5% of the maximum load for thermal drift correction;
during nanoindentation of Si and Gé,and to observe the and complete unloading. The maximum loads ranged from
indentation-induced transformation of diamond to graphite. 10 to 300 mN. The loading and unloading rates were equal to
Because mechanical properties vary with crystallographithe maximum load divided by 100 s. Ten indentations were
orientation, and polycrystalline boron carbides are known tgroduced at each load, totaling at 170 indentations per speci-
contain grains of different stoichiometries and free carbon, ifnen of a particular orientation.
is advantageous to make the measurements on oriented Nanoindentation load-displacement curves qfy® are
single crystal samples. However, no nanoindentation or otheeatureless and show neither steps nor slope changes, unlike
mechanical property studies have ever been reported fahose of ALO; or SiC crystals in which slip occurs during
single crystals. In this letter, we report the results of theloading, or Si and Ge crystals in which a reversible phase
nanoindentation and Raman microspectroscopy studies Gfansformation can be seen in the unloading cufv@se
the (0001 and (1011) faces of boron carbide single crystals. hardness and elastic modulus were determined from the

The samples were grown, cut, and polished at the Ads|ope of the second unloading curve using the Oliver and
vanced Materials Laboratory of the National Institute for pharr method.Figure 1 shows the experimental results plot-
Materials Research in Tsukuba, Japan by the following proted as a function of the applied load. Within the error bars,
cedures. Boron carbide powdN, Koujundo-kagaku Co., there is little variation of the measured quantities with re-
Japanwas pressed into a rod 8 mm in diameter and 100 MM¥pect to the applied load. As seen in Fig. 1, the_(llpl
long and then sintered in a graphite crucible at 2000 °C insyrface appears to have slightly higher hardness and elastic
vacuum for several hours. Floating zone crystal growth wagnoqulus than thé0001) surface. An increased scattering of
carried out in a xenon image furnace under flowing argonhe experimental data at low loads may be due to the surface
with a growth rate of 10 mm/h. The crystal composition WaSrgughness of the specimens {00 nm) and/or to the devia-
determined to be B:C by analyzing the carbon content us- tjon of the indenter tip shape~(100 nm radiusfrom that of
ing a carbon determinatalWR-12, Leco Co., USA The 3 perfect triangular pyramid, which renders the Oliver and
sample was oriented to within 0.5% using Laue backreflectionpparr method inapplicable. Thus, we found that a load of 100
and cut by spark erosion. The surface was polished usingyN or higher is required for reliable measurement of the

properties of boron carbide. In general, the hardness and
3Electronic mail: yg36@drexel.edu elastic modulus of BsC single crystals reported here are in
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FIG. 1. Hardness and elastic modulus as a function of indentation load foFIG. 3. Raman spectrum of a 100 mN indentation i® in comparison
(@) (0002 and(b) (1011) surfaces of BC. Each data point corresponds to with a spectrum of glassy carbon. The deconvolved peaks are marked with
ten measurements. Vertical bars show standard deviations. arrows.

good a_greement with .the I|teratur_e data obt.amed on pOIyboron carbide, the icosahedra, and the three-atom linear
crystalline samples using conventional technigtf€$his is

: .__chains. However, the detailed interpretation of the pristine
probably the result of the weak anisotropy of the mechanic . . .
. . . . oron carbide spectra is outside the scope of the present let-
properties of boron carbide observed in our experiments; . :
T o ter and will be discussed elsewhere.
This finding is of technological importance for development

. . o : The results shown in Fig. 2 make it quite clear that the
of boron carbide ceramics with improved properties. . . :
. i o indented regions have profoundly different Raman spectra.
Postindentation characterization of the samples was pe

formed using a Ramascope 1000 Raman spectrortiter- (Ne note here that the spectra of the sample after nanoinden-

ishaw, UK) equipped with a charge coupled device detectorIatlons made on the (103 surface of §C were similar to

and a microscope for focusing the incident laser beam to a qu tshpectra shown mfi'.g'ﬁ" The mosbt d:jam?htlc chatn_g?s
um spot size. The 514.5 nifér ion lase), 633 nm(He—Ne are the appearance ot high frequency bands, the most intense

. . — _1 . .
lase), and 785 nm(diode laser excitation lines were used. ?r]: wgncr:j IS ?t1512?630 %mlB.l\éV€;kertElitk]stlllltpt)rorfnlnent are
Additional spectra were recorded using an Almega™ Disper- € bands a an cih wi € latter Irequency

sive Raman spectrometéXicolet) at the 532 nm excitation well dabove anydbirr:d ]E)bserr\]/ ed r']n borhqnhc?rblde or aFlgy re-
line of a diode laser. In all cases, the beam intensity was ke pited compound. The fact that these high-frequency Raman

low to avoid artifacts due to laser heating ands are present for all three laser wavelengths indicates
Figure 2 shows typical Raman spectré of (B8O sur- that they are not due to a fluorescence feature or similar
face of B, «C before and after nanoindentation at three dif_artifact. Note that because the spot size of the focused laser is

ferent laser wavelengths. The spectra obtained before indef@9€r than the indented area, the Raman spectra of nanoin-

tation show a series of Raman bands extending from 200 tgentations are a superposition of spectra from pristine and

1200 cm! and are generally in good agreement with thelndented regions. This is confirmed by the fact that the spec-

spectra recorded previously for boron carbidt-In the lit-  (ra obtained from larger Vickers indent§0 xm in size in
erature, there are conflicting assignm&ht¥ of the Raman the same specimen showed much weaker features associated

peaks to vibrations of the principal structural elements in"ith the pristine surface. _ _
The fact that indentation leads to relatively high fre-

quency Raman peaks might suggest that a chemical reaction

Prior to indentation After indentation such as oxidation or decomposition to carbon and boron has
(0001) surface 100 mN load taken place. Oxidation can be ruled out, as electron beam
microanalysis shows no oxygen in the indented region. Dis-
3 proportionation would not be expected to alter the boron to
© carbon ratio and none is seen. The positions of the Raman
E peaks are too high in frequency to be due to elemental boron.
g ! However, Raman spectra of different forms of carbon can
< 633 nm 1 ! n show enough variatioh$to encompass the spectral features
observed here. Graphitic carbon generally has two Raman
! N1 lines at~ 1355 and 1582 cm' (see Fig. 3. The 1582 cm?
e S || ot m peak is the only peak observed for single crystal graphite and
400 800 1200 1600 400 800 1200 1600 it is frequently labeled th& (for graphité band® In disor-
Wavenumber (cm’™) Wavenumber (cm"') dered and amorphous carbon, another peak is also observed,
(a) (b) referred to as th® (for disordey band. The occurrence of

the D band in carbon materials is due to a double resonance

Raman process, and its frequency shifts with excitation en-
V.16’17

FIG. 2. Raman spectra froif@) the polished000) surface andb) a 100

mN indentation in B.C recorded using three different excitation wave- _
lengths. Arrows indicatéa) the 1570 cm® peak of the pristine surface and €rgy at a rate of 40—50 cn/e
(b) the peaks appearing after indentation. As seen in Fig. 4, there is some correlation between the
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] the hydrostatic pressure of about 20 GPahis is a signifi-

1360 cantly lower pressure than the contact pressures4® GPa
1 D band of carbon - 1 that we achieve during nanoindentatfounfortunately, the
= 130 (Ref. 18) I," T Raman spectra of the orthorhombic boron carbide have not
§ 1 -¥ 514.5 nm . . .
2 320 /,{ ] been published. Therefore, the exact mechanism responsible
= ] _-7  532nm 1 for the observed large change in the Raman spectra of boron
£ 1300+ ™ 533 nm - carbide after indentation could not be identified at this time.
3 1 L Most 1 Additional characterization of the material in the vicinity of
12804 "'7;0 prominent peak 7 indentations by diffraction techniques will be required to es-
I "M oftheindented BysC | tablish definitely whether a new phase has been produced in
———————— indentation of boron carbide.
1.5 1.8 21 24 27
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