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Abstract
The results presented in this article demonstrate that boron carbide ceramics of a
perfect microstructure, of a high density (up to 99.8%) and microhardness (36.1 GPa)
can be made from the industrial micron fraction powder thanks to spark plasma
sintering, that opens prospects for wide SPS application in economical production of
high-quality boron carbide ceramic products.
Optimal ceramics production mode is based on B4C (technical powder), which
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density B4C ceramics allows to lower the sintering temperature by 300 ∘ C and to
shorten the process time by 20 minutes relative to the corresponding values when
traditional hot pressing.
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[1, 2].
However, the relatively high cost of raw materials and also difﬁculty of obtaining
densely-sintered boron carbide products largely limits its wide application. Creation of
high-density boron carbide products of a controlled structure is associated with certain
difﬁculties, of which the most signiﬁcant one is low diffusion mobility at temperatures
provided for sintering in industrial conditions [3].
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Boron carbide possesses unique physic-mechanical properties due to its strong
covalent bonds. On the other hand, covalent nature causes poor compaction of ceramics based on B4C. This origin prevents from sintering without pressure.
According to [4], the initial boron carbide powder compacting begins at a temperature of 1800 ∘ C. The practical temperature of ceramic material creation is above
2200 ∘ C. Additional additives during sintering can improve the compacting process, as
well as signiﬁcantly lower the consolidation temperature. However, a large number of
additives worsen properties of the resulting products [5].
Another solution to the problem is alternative powder sintering method usage when
pressure is applied. The most popular method is hot pressing, which features a wide
range of applied pressures from 20 to 100 MPa. This procedure helps to obtain B4C
samples with a relative density higher than 95%. But the processing temperature still
exceeds 2150 ∘ C [6].
Method of spark-plasma sintering (SPS) of powders (sintering in a spark discharge
plasma) with high consolidation process kinetics has been actively developing in
last decade, that makes it possible to lower grain growth and to obtain high-density
ceramic materials.
SPS is the most modern method of pressure sintering and has been used by most
researchers since 2000. The principle is a joint effect on powder material by pulsed
direct current and mechanical pressure. The material in the zone of effect is heated
to very high temperatures up to the plasma condition and the mechanical pressure in
the zone of effect creates the required properties of the resulting products. Technical
SPS implementation has become possible via direct powder heating by passing the DC
pulse sequences.
High-density boron carbide was made by SPS-sintering at relatively low pressures
of 35 [7] or 120 MPa [8] at temperatures of 2050 to 2100 and 1800 ∘ C, respectively.
It‘s remarkable that not only lower temperature were used, but also the processing
time for SPS (5-10 min) was shorter in comparison with other sintering methods. Spark
plasma sintering is a powerful alternative to the high-quality boron carbide production.

2. MATERIALS AND METHODS
All the experiments were based on industrial powder B4C. You can see the obtained
powder particle size measurement results, SEM images (ﬁg.1-2).
The ﬁrst milestone is B4 C powder sintering in the Labox-625 machine. The principle
is that pulsed direct current and mechanical pressure jointly effect on the powder
DOI 10.18502/kms.v4i1.2209
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Figure 1: REM powder image. а - magniﬁcation 100 μm; b - magniﬁcation 50 μm; c - magniﬁcation 5 μm;
d - magniﬁcation 5 μm;

material. TESCAN REM (model VEGA3) photographed structure and size of the sintered
tablet grains. The microhardness of the sintered samples was measured by the Vickers
method. FM-800 (Future-Tech) microhardnesser was used for that purpose: a diamond
tip was automatically loaded with a square tetrahedral pyramid base was used, providing a geometric and mechanical similarity to prints with the deepening of the indenter
under the load.

3. RESULTS AND DISCUSSION
Sintering was carried out at four different temperatures and compaction pressures, the
processing time was 15 min and did not change in each mode. That was done in order
to ﬁnd out optimal modes for high-density boron carbide ceramics production. Heating
and cooling speeds in all the experimental sets did not change and amounted: heating
DOI 10.18502/kms.v4i1.2209
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Figure 2: The results of particle size measurements via laser analyzer.

- 300 ∘ C / min, cooling - 200 ∘ C / min. The technological modes of SPS-sintering are
given in Table 1.
Table 1: Technological modes of boron carbide ceramics sintering.
Sintering tеmperature
C / sintering time, min

Compaction pressure, MPa

∘

1950/15

30

45

60

75

1900/15

30

45

60

75

1850/15

30

45

60

75

1800/15

30

45

60

75

The density ρ of the obtained ceramics samples was determined by measuring the
linear dimensions, then the relative density ρ ratio (%) was calculated.
Figure 3 presents graphs of the sintered sample density dependence on the applied
pressure in the sintering process at different temperatures, obtained by experimental
compaction data processing.
The graphs show that at the highest research temperature 1950 ∘ C, the density
dependence on the applied compaction pressure is practically absent, that is, the compaction pressure P does not effect much on the density of the B4 C samples sintered by
the SPS method at 1950 ∘ C, and this temperature makes the highest density already
at the minimum preload pressures (from 30 MPa). The low applied preload pressure
has a signiﬁcant effect on the density of the boron carbide material at low sintering
temperatures, but for these temperatures an increase in pressure from 45 to 75 MPa
DOI 10.18502/kms.v4i1.2209
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Figure 3: Sintered sample density dependences on the compaction pressure at different SPS temperatures.

Figure 4: Sintered sample density dependences on the sintering temperatures at different preload
pressures.

does not increase the sample density beyond the conﬁdence interval. The determining
factor for the test material density increase (when SPS is carried out) is the sintering
temperature (Fig. 4)
The different effect is discovered when analyzing other characteristics of ceramics.
Figure 5 shows the sintered B4 C sample microhardness dependences on the preload
pressure P at the same sintering temperature.
Figure 6 describes the microhardness dependences on temperature at the same
preload pressure. A signiﬁcant preload pressure inﬂuence on the achieved level of
DOI 10.18502/kms.v4i1.2209
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Figure 5: Sintered B4 C sample microhardness dependences on the preload pressure.

Figure 6: Sintered B4 C sample microhardness dependences on the sintering temperature.

microhardness is traced at any sintering temperature. The sintering temperature inﬂuence is expressed to lesser extent, and its increase from 1900 to 1950 ∘ C does not make
a signiﬁcant microhardness growth.
The key factor for the perfect B4 C structure is the density depending signiﬁcantly
on the temperature. Analyze the obtained samples: 1800 ∘ C / 30 MPa mode does not
provide durable B4C tablet production, as the density of such ceramics does not exceed
78% (Fig. 3).
The maximum microhardness value can be discovered on a sample obtained at 1850
∘

C / 75 MPa (Fig.5-6).
In overall, the inﬂuence made by the sintering temperature and the preload pressure

on the obtained properties of ceramics is consistent with the classical sintering theory,
DOI 10.18502/kms.v4i1.2209
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and the general trend is conﬁrmed by other scientiﬁc teams‘ research in boron carbide powder sintering via SPS method [9-12]. Reported in the experiments deviations
of microhardness linear dependences on temperature can be explained by the hightemperature test material deformation features, when the stress ﬂuctuation occurred
during its consolidation continues to function after sintering as the remainders and
increases resistance during indentation. Thus, in spite of the fact that the maximum
values of the ceramics density can be achieved already at the minimum preload pressure values, it is reasonable to maintain a relatively high level of pressure along with
an increased sintering temperature in order to achieve high microhardness values.
Analysis of the microstructure of the obtained ceramics samples (Fig.7) conﬁrms
that temperature of 1800 ∘ C provides the start of grain sintering and interparticle
bond (intergranular boundaries) formation. Contacts between the powder particles
are imperfect in nature, the cleavage passes along the intergrain boundaries, which
indicates their weak connection. The grain growth during sintering is practically absent:
the average grain size corresponds to the size of the initial powder particle - 6 μm. The
ceramics grain size is comparable to the pore size in the entire volume.
Figure 7 b describes a structure formed under more intense sintering conditions. The
grain interparticle contact is more perfect (has a larger area). The average grain size
does not exceed 6 μm, but there are local sintered grain formations up to 10 μm in size.
The content of consolidated grains is higher than in structure obtained at 1800 ∘ C, but
intergranular bond durability is still low and does not let consider such ceramics as a
structural material.
Thus, boron carbide micron powder compaction begins at almost 1300 ∘ C. The intensive SPS process starts at a temperature above 1800 ∘ C. The quality consolidated structure formation should be expected at temperatures above 1850 ∘ C. At the same time,
the porosity changes from open to closed. Meanwhile, a relatively short sintering time
(2 minutes - heating at 300 ∘ C - from 1850 to 1950 ∘ C and holding for 15 minutes) limits
the grain growth: from 5 to 10 μm. The number of pores and their size intensively
lowers while the temperature increases, and already it is less than 2% of the volume
of the ceramic with a size of not more than 1 μm at 1900 ∘ C.

4. CONCLUSIONS
This complex of experimental studies on ceramics spark-plasma sintering (SPS) was
based on industrial B4C powder and determination of its physical-mechanical properties (density, microhardness, durability), its structure and elemental composition and
now it‘s time to make conclusions:
DOI 10.18502/kms.v4i1.2209
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Figure 7: Sintered ceramics grain structure evolution when sintering temperature increases: а –
magniﬁcation 100 μm; b - magniﬁcation 50 μm; c - magniﬁcation 5 μm; d - magniﬁcation 5 μm .

1. The possibility of obtaining of structural ceramics based on high density boron
carbide, a uniform microstructure, with a microhardness of 35.1 GPa for a shorter
processing time in comparison with traditional hot pressing methods has been
revealed. SPS time reduction is achieved by the sintered product heating and
cooling speed increases.
2. The optimal mode for production of ceramics based on B4C from a technical powder is recommended, as it makes the best combination of physical and mechanical
properties and a uniform microstructure:
• Sintering temperature: 1850 ∘ C;
• Preload pressure: 75 MPa;
• Sintering (holding) time: 15 min;
• Heating speed is 300 ∘ C / min, cooling speed is 200 ∘ C / min.
DOI 10.18502/kms.v4i1.2209
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3. It has been discovered that sintering by the SPS method makes it possible to make
technically pure products with a minimum amount of impurities.

ACKNOWLEDGMENT
The research was carried out within the state assignment of the Ministry of Education
and Science of the Russian Federation (project No. 11.1957.2017/4.6).

References
[1] V.I. Ponomarev. Carbon sequencing in boron carbide / I.D. Kovalev., S.V. Konovalihin.,
V.I. Vershinnikov // Сrystallography.– 2013. - №3.-P.410-415.
[2] Hasanov A.O. Development of compositions and technology of spark-plasma
sintering
[3] ceramic materials, composites based on micro- and nanopowders В4 С/ A.O.
Hasanov – Tomsk: ТPU 2015. – 201 p.
[4] Boldin. A.A. Болдин А.А. Physico - chemical basis of preparation and properties of
[5] sintered composite materials based on boron carbide/A.A. Boldin. – Saint Petersburg – 202. – 158 р.
[6] H. Lee and R. F. Speyer, J. Am. Ceram. Soc., 86, 14681473 (2003).
[7] A. K. Suri, C. Subramanian, J. K. Sonber and T. S. R. Ch. Murthy, Int. Mater. Rev., 55,
440 (2010).
[8] D. Jianxin and S. Junlong, Ceram. Int., 35, 771778 (2009).
[9] S. Grasso, C. Hu, O. Vasylkiv, T. S. Suzuki, S. Guo, T. Nishimura and Y. Sakka, Scr.
[10] Mater., 64, 256259 (2011).
[11] O. Vasylkiv, H. Borodianska, P. Badica, S. Grasso, Y. Sakka, A. Tok, L. T. Su,
[12] M.Bosman and J. Ma, J. Nanosci. Nanotechnol., 12, 959965 (2012).
[13] Moshtaghiouna, B. M. Effect of spark plasma sintering parameters on microstructure and
[14] room-temperature hardness and toughness of ﬁne-grained boron carbide (B4 C) / B.
M. Moshtaghiouna, F. L. Cumbrera-Hernándeza, D. Gómez-Garcíaa, S. de BernardiMartína, A. Domínguez-Rodrígueza, A. Monshib, M. H. Abbasib // J. of the Eur. Cer.
Soc. – 2013. – V. 33.– I 2. – P. 361–369.
[15] Sairam, K. Inﬂuence of spark plasma sintering parameters on densiﬁcation
[16] and mechanical properties of boron carbide / K. Sairam, J.K. Sonber, T. S. R.
DOI 10.18502/kms.v4i1.2209

Page 556

KnE Materials Science

MIE-2017

[17] Ch. Murthy, C. Subramanian, R. K. Fotedar, P. Nanekar, R. C. Hubli // Int. Journal of
Refractory Metals and Hard Materials. – 2014. – V. 42. – P. 185–192.
[18] Hayun, S. Microstructural characterization of spark plasma sintered boron carbide
[19] ceramics / S. Hayun, S. Kalabukhov, V. Ezersky, M. P. Dariel, N. Frage // Ceramics
International. – 2010. – V. 36. – P. 451–457.
[20] Xiaoguang, L. Densiﬁcation behavior and related phenomena of spark plasma
sintered
[21] boron carbide / L. Xiaoguang, J. Dongliang, Z. Jingxian, L. Qingling, Ch. Zhongming,
H. Zhengren // Ceramics International. – 2014. – V. 40. – P. 435 - 4366.

DOI 10.18502/kms.v4i1.2209

Page 557

