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Abstract

Approximately 400 nm grain sized boron–carbon ceramic was synthesized by the pulsed electric current sintering (PECS) method using boron

and carbon powders. Relative density of up to 95% was achieved at sintering temperature of 1900 8C. This ceramic was composed with B13C2 as

major phase and few B4C and C, which were characterized by X-ray diffraction (XRD) and Rietveld refinement quantitative analysis and chemical

analysis (CA) and electron probe microanalysis (EPMA). The microstructure was also observed via transmission electron microscope (TEM).
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1. Introduction

Boron carbide (B4C) is the third hardest material next to

diamond and cubic boron nitride (CBN) [1], and it is the hardest

material above 1300 8C [2]. Combined with low density and

high Young’s modulus, it is attractive for application in

lightweight armor and wear-resistant parts [3,4]. Boron

carbides reported high chemical stability and oxidation

resistance [5], and thus it has been researched as a high-

temperature semiconductor or thermoelectric material [6,7].

B4C is also widely used as a neutron-absorbing control rod

material [8]. In recent years, boron carbide has played a very

important role in fusion nuclear reactor inner wall [9,10].

However, because of the rigid covalent bond and correspond-

ing low diffusion mobility, the sintering of the pure boron carbide

is very difficult. Without additives, dense boron carbide can only

be obtained at temperatures above 2200 8C by hot pressing or

pressureless sintering [11,12]. Direct synthesis of the boron

carbide ceramic from B and C elements with B/C molar ratio of
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4.0:1 had been researched by hot pressing (HP) [13] and pulsed

electric current sintering (PECS) [14] methods, which effectively

lowered the sintering temperature. The sintered materials had

been thought to be B4.0C without enough proof, and there were

graphite diffraction peaks defected from the XRD patterns. The

patterns of B4C (PDF2 35-0798) and B13C2 (PDF2 71-0099) are

very similar and the phase of sintered boron carbide in the past

reports could not be identified actually only depend on XRD

results. In fact, boron carbide is a solid solution stable over the

compositional range of 8–20 at.% C [15]. It is generally accepted

that boron carbide has a complex rhombohedral structure in

which B11C icosahedra are linked by a chain of C–B–C bonds

along the main diagonal of the rhombohedron. With increasing

boron content, C–B–C chains are replaced by C–B–B [11].

Boron carbide (BxCy) of other stoichiometries have potential

applications, especially in the nuclear industry [16] and for their

thermoelectric properties [11].

In the present study, a kind of boron-rich boron carbide

ceramic was prepared by the PECS method, in which the

material was in situ synthesized from carbon and boron

powders and densified simultaneously by a pulsed electric

current sintering (PECS) technique. The phase and micro-

structure of the material were mainly investigated.

http://dx.doi.org/10.1016/j.ceramint.2011.05.036
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2. Experimental procedure

The starting materials were boron and carbon powders

(Goodfellow Cambridge Limited) with the particle size of less

than 0.5 mm and 20–50 mm, respectively. The purity of the

powders was up to 99.9%. They were mixed in molar ratios of

4.0:1.

The mixed powders were put into a graphite die with

diameter of 32 mm and then sintered by a PECS furnace (Dr.

Sinter 1050 SPS, Sumitomo Coal Mining Co., Tokyo, Japan).

The sintering temperature was changed from 1300 to 1900 8C
while the heating rate was 100 8C per minute and the pressure

was fixed at 20 MPa. The PECS process was performed in

vacuum (10�3 Pa) for 20 min with 3 min for holding time.

During the whole sintering process, the displacement along the

vertical axis of the push-rod was recorded.

The density of the prepared samples was measured via

Archimedes’ method. The crystalline phases were examined by

powder X-ray diffractometer (XRD, Philips X’pert pro, u-u)

with CuKa radiation (40 kV, 40 mA). The B/C molar ratio of

sintered material was determined by chemical analysis method

in a platinum crucible. Micro-area chemical analysis was

employed by Electron Probe Microanalysis (EPMA,

JXA8800R). Transmission electron microscopy (TEM; JEOL,

JEM-2010, operated at 200 kV) was used to observe the

microstructure.

The ‘‘Rietveld method’’ could create an effective separation

of overlapping data, thereby allowing an accurate determina-

tion of the crystal structure by considering the practical

diffraction factors, such as atomic scattering factors and

thermal parameters. Rietveld’s profile analysis method was

employed for refinements using the Maud program. The X-ray

diffraction pattern for the main phase was assigned to a

rhombohedral structure. Time for acquiring refinement data

was 30 h for the range of 20–908 2u, leading to good statistics,

the step 0.028 (2u) with a fixed counting time of 30 s, allowing

excellent definition to reflection peaks.
Fig. 1. Densities of specimens sintered at different temperature.
3. Results and discussion

3.1. Densification

The densities of the boron carbide samples sintered at 1300–

1900 8C are shown in Fig. 1. The density of material increased

with increasing sintering temperature and a relative density of

over 95% was obtained at 1900 8C. Fig. 2 shows the displacement

along the vertical axis of sample, which depicts the shrinking

behavior during the 1900 8C sintering. It can be seen that two

sharp steps in the shrinkage, marked as step 1 and step 2 were

observed indicating two typical densification processes.

3.2. Phase

The XRD patterns of boron carbide sample sintered at a

temperature range of 1300–1900 8C are shown in Fig. 3. From

this figure, the intensity of graphite (0 0 2) peaks were fading
Fig. 2. Shrinking curve for boron carbide SPS sample.

Fig. 3. X-ray diffraction patterns of boron carbide sintered by SPS at 1300–

1900 8C.



Fig. 4. The EPMA results of the boron carbide sintered by SPS at 1900 8C.
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while the peaks of boron carbide (0 2 1) and (1 0 4) were shown

with increasing temperature from 1300 8C to 1600 8C, which

corresponded to the synthesis of boron carbide from boron and

carbon powders. This reaction took place rapidly in 3 min,

shown as step 1 in Fig. 2. At this stage, diffraction peak

positions of boron carbide were shifting to higher Bragg angles

with the increasing of sintering temperature, indicating the

decrease of lattice parameters. To confirm the chemical

composition, a chemical analysis method was employed for

determining the B/C molar ratio of sintered (at 1900 8C)
Fig. 5. Crystal structure of (
material, and the results showed the ratio did not change during

the PECS process. On the other hand, the diffraction peaks of

boron were not yet observed in the XRD patterns. Thus, the

existence of free carbon indicates the main phase of sample was

a kind of boron-rich carbide in step 1. As a result, the phases of

the sintered samples were free-C and B-rich boron carbide

(B4+xC). When the temperature was increased, more C atoms

(r = 0.77 Å) diffused into the B4+xC lattices and replaced B

atoms which had a larger atom radius (r = 0.82 Å). As a result,

the lattice parameters of boron carbide were reduced. Our
a) B4C and (b) B13C2.



Table 1

Initial parameters of each phase.

Phase Space group Cell detail Atomic position

B4C R�3m:H a = b = 5.62 Å

c = 12.14 Å

B1(0.1667, �0.1667, 0.36)

B2(0.106, �0.106, 0.113)

C1(0, 0, 0. 5)

C2(0, 0, 0.385)

B13C2 R�3m:H a = b = 5.61 Å

c = 12.09 Å

B1(0.1631, �0.1631, 0.6411)

B2(0.2256, �0.2256, 0.7801)

B3(0, 0, 0.5)

C1(0, 0, 0.6175)

C P63/mmc a = 2.47

c = 6.72

C1(0, 0, 0.25) C2(0.333,

0.666, 0.25)
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results were in accord with Frank’s study [17]. In step 2 (1700–

1900 8C), the shift of B4+xC (0 2 1) and (1 0 4) peaks were not

observed, the intensity of those peaks was shown to be sharper

and sharper which mean a growth of grains.

Free carbon was observed even at the sintering temperature

reached 1900 8C (Fig. 3). The same phenomenon occurred in

Heian’s study [14], but he did not give any explanation.

Though, in our work, we have taken the EPMA method for

investigation of the free carbon which was in the sintered

materials. The scanning results (Fig. 4) show the strong C peak

on a rock-like grain (+1) and B, C peaks on the other smooth

area (+2). The geometry of rock-like grain is very similar with

the graphite element powder that indicates the free carbon is the

remains of raw powder. Moreover, the B/C molar ratio obtained

by EPMA is not accurate because of that B, C elements are over

the measurement range of the EPMA. In addition, the B4C

(PDF2 35-0798) and B13C2 (PDF2 71-0099) have the similar

crystal structure (Fig. 5) in the series of boron carbide which is

mentioned in Section 1. The details of XRD patterns of sintered

material at high Bragg angles (60–908, because PDF2 35-0798

and 71-0099 are almost same at low angles) is shown as Fig. 6.

Compared with the XRD patterns of synthesized boron carbide,

B13C2 matched more exactly than B4C in the regions of 65–688
and 78–858. In order to further identify the phase structure and

quantify each phase of obtained material, the Rietveld

refinement was employed. The refinement of B4C, B13C2

and C were done starting from Table 1, and the calculations

were performed in the R�3m: H and P63/mmc space groups

with Maud program. Fig. 7 and Table 2 show the refinement

results and graphical representation of the final Rietveld

refinement. A good match of the peak positions was achieved

from the refinement including the lattice and background

parameters, and then the peak profile and asymmetry

parameters were refined. Residuals from the refinement were

calculated to be 11.41% for Rwp, and 10.51 for Rexp, which

means the refinement result is credible. From Table 2, volume

fraction and weight fraction were obtained for B4C, B13C2 and
Fig. 6. Comparison between XRD pattern of synthesized sample and PDF cards

of B4C (top) and B13C2 (bottom).
C, and then the results of refinement indicated that the ceramic

was almost totally B13C2. Furthermore, Maud program

calculated the grain size of material was 410 nm, which was

in accord with TEM results mention in the next section.

3.3. Microstructure

The microstructure of boron carbide sample sintered at

1900 8C is shown in Fig. 8. A texture composed of fine grains

was observed. From the TEM bright field (BF) images (Fig. 8a),

the grain size of boron carbide was hundreds of nanometers,

which was much smaller (�400 nm) than those obtained by HP

process with grain size of �30 mm [13]. The TEM figures also

show a high density of parallel bright–dark lines, which is

proved to be twins or stacking faults in the previous studies

[14,18,19]. On the basis of TEM observations, Mackinnon et al.

[20] proposed that stacking faults resided only in (0 0 1) plane.

In Umberto’s research [19], he performed computer simulation

using the DIFFax program and concluded that the planar faults

(such as twins and stacking faults) lied in the (0 0 1) plane of the

original rhombohedral structure of boron carbide. In this work,

the angle between bright–dark lines and (1 0 1) plane is 608
(Fig. 8b). Whereas, the angle between (0 0 1) and (1 0 1) plane

was 55.38 in boron carbide lattice that indicating those defined

planar faults within our material do not lie on the (0 0 1) plane

as reported previously. We have searched right plane which

angled the (1 0 1) plane 608 from all the plane of boron carbide,

and the plane must satisfy the relationship of the formula in the
Fig. 7. Final Rietveld refinement results.



Table 2

Refinement results.

Phase Space group Cell detail Atomic position Volume fraction &

weight fraction

B4C R�3m:H a = b = 5.62 Å

c = 12.14 Å

B1(0.1667, �0.1667, 0.36) V: 1.85%

B2(0.106, �0.106, 0.113)

C1(0, 0, 0. 5) W: 1.87%

C2(0, 0, 0.385)

B13C2 R�3m:H a = b = 5.63 Å

c = 12.13 Å

B1(0.16, �0.16, 0.644) V: 97.59%

B2(0.223, �0.223, 0.785)

B3(0, 0, 0.5) W: 97.62%

C1(0, 0, 0.3823)

C P63/mmc a = 2.46

c = 6.71

C1(0, 0, 0.25) V: 0.56%

C2(0.333, 0.666, 0.25) W: 0.51%

Fig. 8. TEM image for boron carbide sample; (a) bright-field image of nanometric structure and (b) high-resolution image of grain.
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rhombohedral structure [21]:

cos f ¼ a4d1d2

V2
½sin2 aðh1h2 þ k1k2 þ l1l2Þ þ ðcos2 a � cos aÞ

� ðk1l2 þ k2l1 þ l1h2 þ l2h1h1k2 þ h2k1Þ

f = 1208; (h1 k1 l1) = (1 0 1); a = 908; a = 5.618 Å; d1 = 4.5 Å

in B13C2 rhombohedral R�3m (1 6 6) structure.

As a result, it shows the angle between (1 0 1) and (1 0 4)

plane is 608. In other words, those planar faults lay on (1 0 4)

planes with small d value than (0 0 1) planes. Generally, the

planar faults are likely to be within the planes, such as (0 0 1)

planes, with large d value which caused by weak bond energy

between them. This discrepancy between our work and the

former may be caused by two factors: (1) The random

distribution of carbon atoms on icosahedral site and substitution

of C for B in the C–B–C chain in the B13C2 structure which

cause carbon atoms bonded with weaker Van der Waal force in

(1 0 4) planes. (2) Those bright–dark lines are not planar faults

but the amorphous region [22] which is caused by the rapid

PECS process. In addition, due to the low formation energies,
stacking faults are very common with carbides. The pioneering

work by Vijay and Cawley [23–25] showed that the presence of

stacking faults, specifically twining, in hexagonal close-packed

(hcp) structure caused broadening and shifing of certain peaks

in XRD data relative to that expected from a material without

such faults. And Paterson [26] did the same research in face-

centered cubic ( fcc) structure. At the same time, there is no

difference in our XRD patterns between patterns without

stacking faults.

4. Conclusions

A novel boron-rich boron carbide ceramic was prepared by

carbon and boron powders and pulsed electric current sintering

technology. It was found that the sintering process is made up of

two steps, the reaction of boron and carbon powders and then

the sintering of the material. The major phase is a kind of boron-

rich boron carbide (B13C2), which was characterized by

Rietveld refinement. The sample has a fine-microstructure, and

a great amount of bright–dark lines had been observed in (1 0 4)
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planes which might be caused by both the planar faults and

amorphous regions.
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