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B4C-TiB: ceramic materials were prepared by spark plasma sintering of powder mixtures B4C+TiB2 (12 wt.%)
in an argon atmosphere at 1900°C and a uniaxial pressure of 70 MPa. X-ray powder diffraction was used for the
phase analysis and to refine the crystal structures of the individual phases. The influence of homogenization of the
initial powders (using ball milling) on the mechanical properties of the ceramics was studied. Vickers hardness
values of 38.8 GPa (without ball milling) and 41.1 GPa (ball-milled starting powders) for B4C-TiB2 composites
were reached and the relative density of the samples exceeded 99 %.
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Introduction

Among the priority tasks of modern research is the
design of alternative superhard materials with an
appropriate set of chemical, mechanical, and thermal
properties for application in mechanical engineering,
construction, mining, medicine, as well as in the military
industry.

Hardness  gives ceramics unique  ballistic
characteristics that provide them with advantages over
lighter polymer laminates and cheaper high-hardness
steels. Three main classes of ceramics have proven
themselves for use in body armor: aluminum oxide
(corundum) Al,Os, silicon carbide SiC, and boron carbide
B4C. In this sequence, the ballistic qualities become better,
but at the same time the price increases. Armor elements
made of B4C-based materials are currently the most
effective and reliable ones.

B4C has high hardness (only slightly inferior to
diamond C and boron nitride BN) and low density
(~2.52 g/lecm’®) [1]. Modern research suggests using
additives to increase the relative density, control the grain
growth, and improve the mechanical properties of B4C-
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based ceramic materials. A literature survey drew our
attention to B4C—TiB; ceramic materials as having strong
potential. The B4C-TiB, composites were obtained by
classical hot pressing [2] or by the modern and faster
method of spark plasma sintering (SPS) [3,4].

The aim of this work was to obtain high-quality
B4C-based ceramics with TiB, additive (B4C-TiB>
composite materials) by the spark plasma sintering
method.

I. Starting materials and experimental
methods

B4C-based ceramic materials were prepared starting
from high-purity B4C and TiB, powders. The composition
of B4C used here as obtained from an earlier Rietveld
refinement was B13.122)C1.75q1) [5], i.e. close to that of the
ordered model B;3C,. According to the literature, the
homogeneity range of “B4C” extends from B4Coss to
B4Co .06, however, for convenience, the phase will here be
referred to by its commonly used name B4C. The amount
of TiB, added to the B4C powder was 12 wt.%.
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Ceramic composites were prepared from a charge of
(a) conventionally mixed powders and (b) powders that
had been additionally homogenized in a planetary ball mill
(PM100, Retsch) in a WC jar with WC balls (diameter
10 mm) for 20 min at a speed of 250 rpm. Scanning
electron microscopy (SEM) images of the starting
powders are shown in Fig. 1. The average grain size was
1.20 um for the initial (not ball-milled) B4C, 0.84 pm for
the initial (not ball-milled) TiB, powder, and 1.13 um and
0.81 pm, respectively, in the ball-milled homogenized
mixture B4C+TiB;.

The powder mixtures were submitted to spark plasma
sintering (SPS). This method uses a pulsed electric current
and uniaxial mechanical pressure to densify the sample
and allows quick consolidation of ceramics at lower
temperatures than what is usual by hot pressing or
sintering in a resistance furnace. The SPS method and the
equipment used here have been described in details
elsewhere, e.g. [6]. The SPS was carried out in an argon
atmosphere at a maximum temperature of 1900°C and a
pressure of 70 MPa. A technological scheme of the
synthesis is shown on Fig. 2. The final pellets had a
diameter of ~20 mm and were ~5 mm thick.

SEM images were obtained with a Tescan Vega 3

LMU scanning electron microscope (Oxford Instruments
AZtecOne System, X-Max“20 detector). Energy-
dispersive X-ray (EDX) analysis (qualitative and
quantitative element analysis) was also performed. The
grain size was evaluated using ImagelJ software [7].

X-ray powder diffraction patterns from the surface of
the synthesized pellets were collected on a DRON 2.0M
powder diffractometer (Fe Ka-radiation).  Structure
analyses were performed by Rietveld refinement using the
FullProf Suite software [8].

The density of the ceramic material was determined
by hydrostatic weighing according to Archimedes’
principle using an analytical electronic balance.

Hardness (by Vickers method) was measured with a
square-based diamond pyramidal indenter (included angle
136° opposite faces) and a load of 1 kgf (9.807 N)
(Novotest TS-MKV1).

II. Results and discussion

The results of the X-ray diffraction of the B4C-based
ceramics with TiB, additives (synthesized without and
with ball milling of the starting powders) are presented in

Fig. 1. SEM images of (a) initial B4C, (b) initial TiB>, and (c) ball-milled mixture B4C+TiB.
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Fig. 2. Technological scheme of the synthesis.
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Table 1 and Fig. 3. Both samples contained the two initial
phases, B4C and TiB,. The relative amounts according to
the Rietveld refinement were 96.4(12)/3.6(1) wt.% and
89.1(18)/10.9(2) wt.% for the materials B4C—TiB; without
and with ball milling of the starting powders, respectively.
A comparison with the initially added amount of 12 wt.%
TiB,, showed a less homogenous distribution of the phases
in the sample that had not been submitted to ball milling.
In both cases the refined cell parameters are close to those
of the starting materials and to the values reported in the
literature. Complete refinements were carried out using 41
reflections for the B4C phase and 9 reflections for TiB,.
Several models have been proposed in the literature to

describe the disorder occurring in the crystal structure of
B4C [9]. The model selected here was used for an earlier
refinement of pure B4C [5] and allows a slight deviation
towards the B-rich side compared to the stoichiometric
composition B3C,. The crystal structure of B13C; contains
four crystallographically independent atomic positions in
space group R-3m. The basic units of the structure are
empty icosahedra formed by boron atoms, B, (sites Bl
and B2), interconnected via external B-B bonds and three-
atom linear units C-B-C (sites C and B4), oriented along
[001]. The C atoms center By tetrahedra formed by the B
atom at 0 00 (site B4) and three B atoms from three
different icosahedra. Deviations from the ideal

Table 1.

Results of the Rietveld refinements of the ceramic materials B4C-TiB,, compared with pure B4C submitted to a
similar treatment [5]

Refined composition,
space grgup, Site | Wyckoff x ¥ z Biso, A2 Occ.
cell parameters, R position
B4C ceramic material (without ball milling) (R, = 6.10 %, Rwy = 8.04 %) [5]

Bi3.120/C175(1) Bl 184 0.44196(16) | 0.55804(16) | 0.04756(17) | 1.38(5) 1
R-3m ) B2 184 0.50683(17) | 0.49317(17) | 0.1926(2) | 1.58(4) 1

a =5.60333(15) A, C 6c 0 0 0.1209(7) | 1.38(12) | 0.877(5)
‘;/:: 1322'8%2069((51)8’;}&3 B3 6¢ 0 0 0.102(7) | 1.38(12) | 0.123(5)
Ri = 6.95 % B4 3a 0 0 0 1.38(12) | 0.877(5)

B4C-TiB: ceramic material (without ball milling) (R, = 4.33 %, Rwp =5.73 %)

Bi3.156014)Ci.688(10) B1 18h 0.4415(2) 0.5585(2) 0.0495(2) 1
R-3m ) B2 184 0.5064(2) 0.4936(2) 0.1934(3) 1
a=5.6111(2) A, C 6c 0 0 0.1214(4) | 1.66(6) | 0.844(5)
‘< 1323'52%‘2%? jf; B3 6c 0 0 0.097(19) 0.156(5)
Rz =6.97% B4 3a 0 0 0 0.844(4)
TiBy: P6/mmm, a =3.03721(16) A, ¢ =3.241002) A, ¥ =25.891(3) A% R =7.16%

B4C-TiB: ceramic material (ball-milled starting powders) (Rp = 3.99 %, Rwp = 5.36 %)
B13.072C1s70016) Bl 18h 0.4412(3) 0.5588(3) 0.0504(4) 1
R-3m B2 18k 0.5044(4) 0.4956(4) 0.1921(6) 1
a=56105(3) A, C 6c 0 0 0.1219(7) | 1.69(10) | 0.935(8)
° 132291%‘;;2? 8 B3 6¢ 0 0 0.101(7) 0.065(8)
Re=10.1% B4 3a 0 0 0 0.935(8)
TiBy: P6/mmm, a =3.0415(2) A, ¢ =3.2328(2) A, V' =25.899(3) A%, Rs = 5.95%
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Fig. 3. Observed, calculated, and difference XRD patterns (Fe Ka-radiation of the
(a) B4C-TiB; (without ball milling) and (b) B4C-TiB; (ball-milled starting powders) ceramic materials.
The positions of the reflections from B4C and TiB; are indicated by bars.
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composition are achieved by partial replacement of C-B-
C units by B-B pairs (site B3). Fig. 4 shows a perspective
view of the structure, ignoring site B3. The occupancies of
the partly occupied sites were restrained as follows:
occ(B4) = occ(C) = 1 — occ(B3). Interatomic distances in
the crystal structure of B4C [5] are listed in Table 2. The
distance B3-B3 is relatively long. An additional boron site
in Wyckoff position 36i is sometimes proposed to occupy
the space around 0 0 0 when B4 is absent [9], however, the
very low occupancy factor does not allow it to be
considered here.

Fig. 4. Arrangement of boron icosahedra and C-B-C units
in the crystal structure of ordered B3C; (B4C) (B atoms —
grey, C atoms — blue).
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Table 2.
Interatomic distances in the crystal structure of
B13.122C1.7501) [5]. Impossibly short distances involving
the partly occupied sites C, B3, and B4 are omitted.

Site Distance J, A
1 BI 1.6102)
. 2Bl 1.8260(14)
2B2 1.855(2)
1 B2 1.863(3)
1Ce 1.5697(17)
1B3® 1.62(2)
B2 2B2 1.7968(16)
2BI 1.855(2)
1Bl 1.863(3)
c 1 B4 1.462(8)
3B2 1.5697(17)
53 3B2 1.622)
1 B3 2.47(12)
B4 2C 1.462(3)

2 either 1 Cor 1 B3

The model for the refinement of TiB, was taken from
Pearson’s Crystal Data [9]. The crystal structure belongs
to the structure type AIB; (space group P6/mmm, atomic
coordinates Ti 1a (0 0 0), B 2d (Y5 % '4)).

The B4C-TiB: materials were investigated by energy-
dispersive X-ray spectroscopy and scanning electron
microscopy. SEM images and elemental mapping of the
samples are shown in Fig. 5. The results confirm the
homogeneity of the materials. For both materials the grain
size of the minority phase TiB, was evaluated, taking into
consideration more than 92 % of the total number of
particles. The graphs in Fig. 5 show smaller grains (peak
at 0.5-1.0 um) and then a more homogeneous distribution
of grains of different sizes for the material prepared from

Counts, %
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Fig. 5. SEM images and grain-size distributions of the TiB, phase for (a) B4C—TiB; (without ball milling) and
(b) B4C-TiB; (ball-milled starting powders) ceramic materials.
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ball-milled powder. The size distribution for the sample
prepared without ball-milling exhibits a closer to gaussian
shape with the maximum at 3.0 pm. Elemental mapping
for the B4C-TiB; ceramic materials is shown in Fig. 6.
Vickers hardness was measured to see the effect of the
addition of TiB, and ball milling. A comparison of
literature data indicates that the introduction of TiB; into
the B4C matrix contributes to an increase in the hardness;
however, this effect depends on the amount of additive and
the sintering conditions. For B4C ceramics prepared by
spark plasma sintering at 2000°C and a pressure of
70 MPa, the hardness reached 32.6 GPa for a relative
density of 99.5 % [5]. According to Rubink et al. [3], a
B4C — 13 vol.% (~17.5 mol.%) TiB, composite obtained
at 1900°C and 50 MPa exhibited a hardness of about
35 GPa for a relative density of 99.4 %, whereas on
increasing the TiB, content to 23 vol.% (~30 mol.%) the
hardness decreased to 33 GPa (density 99.5 %). The

EDS Layered Image 1

50pm

25pum
25pm

B4C — 5 vol.% (~7 mol.%) TiB, composite synthesized by
Uygun et al. [4] at a lower temperature, 1760°C, and a
pressure of 40 MPa showed a hardness of 34.5 GPa and a
relative density of 98.1 %. The materials investigated in
this work, namely a B4C — 12 wt.% (~10 mol.%) TiB>
composite synthesized at 1900°C and 70 MPa, exhibited a
hardness of 38.8 GPa and a relative density of 99.0 %. The
use of ball milling for mixing the initial powder further
increased the hardness to 41.1 GPa for a density 0f 99.5 %.
Thus, the composites obtained here exhibit higher
hardness than pure B4C and most B4C-TiB, materials
reported in the literature, which may be attributed to the
optimal TiB; content, the higher pressure applied during
SPS, and a more homogeneous distribution of the additive.
The synthesis temperature, relative density and hardness
of the synthesized ceramic composites are summarized in
Table 3.

O K series

C K series

B K series Ti K series

K series Ti K series

50um

B K series

S0pm

Fig. 6. Elemental mapping for the B4C-TiB, ceramic materials obtained without (a) and with (b) ball milling of the
starting powders.

Table 3.
Initial composition, synthesis conditions, relative density, and hardness of the ceramic composites
Composite TiB; content, SPS Ba}l Rel?tiVe Hardness, Hardness,
wt.% temperature, °C | milling density, % HV1 GPa
B4C [5] - 2000 no 99.5 3320 32.6
B4C-TiB; 12 1900 no 99.0 3954 38.8
B4C-TiB; 12 1900 yes 99.5 4188 41.1
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Conclusions

Two B4C-TiB: ceramic materials were prepared by
SPS, one from conventionally mixed powders, the other
one from ball-milled powders. X-ray powder diffraction
(Rietveld refinement) confirmed the presence of the
phases B4C and TiB; in both materials, however, with a
phase ratio close to the nominal composition (12 wt.%)
only in the case of the ceramic material prepared from
ball-milled powders. Microstructure investigations
showed that preliminary ball milling of the powder
mixture had led to a more homogeneous distribution of the
additive.

It was shown that the addition of TiB; increases the
hardness of the composites in comparison with pure B4C.
The B4C—12 wt.% TiB, material obtained without ball-
milling the starting powders exhibited a hardness of
38.8 GPa for a relative density of 99.0 %, and by using
ball milling the hardness could be increased to 41.1 GPa
for a relative density of 99.5 %. The enhancements may
be attributed to an optimized TiB, content, a higher
pressure (70 MPa) applied during the sintering, and
improved homogeneity of the material.
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CuHTe3 MeTOI0M ICKpPOILUIa3MOBOI0 CIIIKAHHA MaTepiajiB Ha ocHOBI B4C,
nokpameHux nogapanusam TiB;

'Kagpeopa neopeaniunoi ximii, Jlvsiccoxuii nayionanvnuii ynicepcumem imeni leana ®@panxa, Jlveie, Yrpaina,
andriana.ivanushko@lnu.edu.ua
2Incmumym neopeaniunoi ximii, Crosayvka axademis nayk, Bpamucaaea, Cnosaywvra Pecnybrixa

MeTomoM iCKpOIUIa3MOBOTO CITiKaHHs 3a MakcuMabHO1 Temiieparypu 1900°C ta tucky 70 MIla cuaTe30BaHO
komno3utHi Matepianu B4C-TiB> i3 cymimi Buxiguux mopomkiB B4C i TiB2 (12 mac.%) 6e3 Ta 3 101aTKOBOIO
00pOoOKOI0 y MJIaHEeTapHOMY KyJboBoMY MiuHI. ITicns cuHTe3y obumna 3pasku mictwmd ¢asu B4C 1 TiBa2, mo
MATBEP/HKEHO PEHTIeHIBCHKOIO TH(PAKIIEI0 Ta SHEproJucHepciiHOI0 PEeHTIeHIBCHKOIO CIEKTPOCKOIie. 3a
pe3ynbTaTaMi PeHTTeHIBChKOT MOPOLIKOBOI AU(paKiii yTOUHEHO KPUCTANIIUHY CTPYKTYpY iHIUBiAyanbHUX (a3 y
CHHTE30BaHHX KepaMiuHHX Marepiaiax. MeToloM CKaHyIodoi eJeKTPOHHOI MIKPOCKOMI{ JOCIIKEHO OTpHMaHi
KepaMiyHi Marepiaid i BUXIJHI MOpPOUIKH. BcTaHOBIEeHO cepenHiil po3mip 3epeH ¢asu TiB2 B KOMIO3UTHOMY
MaTepiayi Ta cepelHi PO3MipH YaCTMHOK BHXIJHHX HOpPOIIKiB. Metonom Bikkepca BH3HAa4Y€HO TBEPHICThH
xommo3nTHUX MarepianiB B4C—TiB2 6e3 Ta 3 noraTkoBor0 00poOKOI0 CyMillli BUXiHUX IIOPOIIKIB Y INIAHETAPHOMY
KyJIbOBOMY MJIMHI, 10 cTaHoBUTH 38,8 Ta 41,1 I'Tla, BinnoBiaHoO, pu BigHOCHI# rycTrHi 99,0 Ta 99,5 %.

Kurouosi cioBa: bopokap0in, IckpornmasmoBse criikanas, PeHTreniBcbka mopomkosa audpakiis, TBepaicTs.
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