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Tough and dense boron carbide obtained by high-pressure
(300 MPa) and low-temperature (1600°C) spark plasma sintering
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Peter TATARKO, " Mike J. REECE,”" Yoshio SAKKA" and Oleg VASYLKIV***"
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Dense boron carbide (above 95%) was achieved through high pressure (300 MPa) and low temperature (1600°C) Spark Plasma
Sintering (SPS). This approach resulted in improvement of fracture toughness and of dynamic toughness when compared to
corresponding toughness values of the sample sintered by conventional SPS (2100°C, 50 MPa). Dynamic toughness was extracted
from Split Hopkinson Pressure Bar measurements. Results are understood based on microstructure and on very different

behaviour of the samples in respect to residual B,O; and carbon available in the raw B4,C powder.
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1. Introduction

Boron carbide hardness at room temperature of 30-60 GPa
is considered inferior only to diamond and cubic-BN. Boron
carbide is less expensive and easier to prepare. Boron carbide is
a strategic material with applications under extreme conditions
such as nuclear, protection and space industries. It is also used
for cutting and abrasive tools, ceramic bearings, production of
refractories, and others. Boron carbide is studied as a candidate
for high temperature energy conversion showing thermoelectric
properties.” As a semiconductor or metallic compound (depend-
ing on its stoichiometry), boron carbide is also of interest for
electronics [2—4 and therein refs.].

Excellent properties of boron carbide are the consequence of
its strong covalent bonding. Covalent nature is also the reason
for the difficult-to-consolidate behaviour of boron carbide. This
makes challenging conventional sintering (under normal pres-
sure). A temperature of 1800°C was indicated in ref. 5) to be
the temperature where densification starts. Usually, practical
sintering temperatures are above 2250°C. Sintering aids can
improve densification and some additions can also significantly
lower sintering temperature.>> However, a large amount of addi-
tions also decreases the mechanical properties. Other solutions are
the use of pressure-assisted sintering techniques. Popular is hot
pressing. Applied pressures are in the range of 20-100 MPa. By
this technique applied on powders considered to be pure boron
carbide, high relative densities above 95% are attained. But,
processing temperature is still high exceeding 2150°C.% Almost
fully dense boron carbide samples are achieved by hot isostatic
pressing. Pressures (~300 MPa) are higher than for hot press-
ing, and sintering temperatures are similar (~2150°C).>) More
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recently, spark plasma sintering (SPS) has been demonstrated as
an effective technique to achieve high density boron carbide
materials. High density boron carbide was obtained by SPS under
relatively low pressures of 357 or 120 MPa® at temperatures of
2050-2100 and 1800°C, respectively. Remarkably is that not only
lower temperatures were used, but also SPS dwell times (5-10
min) were shorter when compared to other sintering methods.

SPS is a powerful alternative for production of top quality
boron carbide samples. However, our comparative analysis is
made for samples of very different sizes and shapes. More
important is that each work uses boron carbide powders from
different suppliers and these powders show very different particle
features (size, size distribution, morphology, others) as well as
chemical and phase compositions. It is well known that the ratio
between boron and carbon of the boron carbide phase can vary
within a large range.?* In addition, raw powders always contain
a relatively high amount of free carbon and that boron carbide
particles are usually covered by a layer of a boron oxide phase.?
Free B” and C!¥ in the B4C powders were reported to have
a favourable contribution to sintering and nearly fully dense
samples were obtained, while boron oxides B,0O3, B,O, and BO
are often mentioned to evaporate') and to hinder sintering.

To have a better understanding of SPS potential for consol-
idation of boron carbide we used one commercial powder for all
experiments. We employed typical SPS conditions such as a high
temperature (2100°C) in the lower limit of the values applied in
hot or hot isostatic pressing and a moderate pressure (50 MPa) to
obtain a dense reference sample. We explore and show that SPS
at temperatures as low as 1600°C and at high pressure (300 MPa)
is resulting in production of dense samples and toughness of
such samples under static and dynamic loads exceed those of the
reference sample. Processing and microstructural details leading
to these results are discussed.
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Table 1. Samples, SPS regime (maximum temperature/dwell time/maximum pressure), relative density, Vickers hardness, fracture
toughness K., dynamic SHPB toughness S, SHPB maximum stress Oyax, and maximum SHPB strain &«

. Relative Density HV K. S O max
Sample SPS regime (%) (GPa) (MPam'?)  (MJ/m?)  (MPa)  °m=
A 1600°C,/20 min/300 MPa 95.6 276+18  66+07 19.3 1420 0.0171
B 2100°C/10 min/50 MPa 97.8 353426 38404 5.1 486 0.0146

2. Experimental details

Raw material was commercial B,C (HD 20, H. C. Starck) with
specific surface area of 22-27m?/g. According to the manu-
facturer the N, O, Si impurities were 0.7, 2.6 and 0.15wt %,
respectively.

The powder was sintered using an SPS furnace (FCT HP D 20)
under initial vacuum of ~8 Pa. To achieve high pressures during
SPS, a device capable of applying a maximum pressure of 500
MPa on a sample of 10 mm in diameter and 7 mm thickness was
designed and executed. The device is composed of an outer and an
inner graphite die, and the powder is pressed between two SiC
punches. Details on the high pressure set up can be found in refs.
12,13. In a typical sintering experiment, 1 g of B4C powder was
poured into the die. The temperature was accurately controlled
using a side pyrometer focused on the outer surface of the inner
die (i.e., 1 cm far from the sample). Heating and cooling rates
during SPS were 50°C/min. Samples and SPS regimes are
presented in Table 1 (see also section 3 Results and Discussion).

The density of the samples was determined by Archimede’s
method and theoretical density of B4C was taken 2.52 g/cm’.

X-ray diffraction (XRD) was measured using a Bruker AXS
D8 Advance (Germany) diffractomer (Cug, radiation).

The microstructure was observed by scanning electron micros-
copy FE-SEM (Jeol JSM-6300).

Vickers indentations were performed for 1Kg load (Future-
Tech FM-300e, Japan) and results were averaged for at least 10
measurements. Static indentation fracture toughness was calcu-
lated according to ref. 14: K;. = 9.052 x 1073(HV)*/*Y?/3di~'/?,
where HV is Vickers hardness, Y is Young’s modulus, d is the
average diagonal line length of the indentation print, and / is the
average length of the cracks.

Uniaxial dynamic compression tests at high strain rates of
1000s~! were conducted using a Split-Hopkinson Pressure Bar
(SHPB) system available at NTU, Singapore. The apparatus con-
sists of 20 mm diameter YAG300 maraging steel striker (length
400 mm), incident and transmitted (both 1200 mm long) bars.
The incident and transmitted bars were instrumented with TML
strain gauges (Tokyo Sokki Kenkyujo Co. Ltd., Japan, gauge
factor of 2.11). Signals from strain gauges were used to calculate
the stress and strain history based on the one-dimensional elastic
bar wave theory for a pulse propagating in an uniform bar (SHPB
theory) as described in ref. 15. Hardened high strength steel
plates with impedance matching that of the bars were sandwiched
between the bars and specimens to avoid the indentation of the
bars.!® The time duration of the test was of the order of 15-20
us. SHPB dynamic toughness was determined as the area under
the stress—strain curves (see section 3.Results and Discussion).
Together with SEM, optical microscopy (Leica Stereo Micro-
scope MZ6, Germany) was employed to visualize comminuted
samples after SHPB test.

3. Results and discussion

The morphology of the starting powder is shown in Fig. 1.
Particle size is widely distributed between 0.1 and 1um. The
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Fig. 1. SEM image of the B4,C raw powder.
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Fig. 2.  XRD patterns taken on: (a)-raw powder, (b)-sample A SPSed
at 1600°C/300 MPa and (c)-sample B SPSed at 2100°C/50 MPa (see
Table 1). Lines marked with (*) are ascribed to graphite (ICDD 75-2078)
and with (+) to B,O; (ICDD 13-0570). All the other lines are ascribed to
B4C (ICDD 37-0798).

master size analysis revealed that 10% of the particles were
smaller than 0.3 um, 50% were smaller than 0.6 um and 90%
were smaller than 1.5 um. The average particle size is ~0.8 um.
More important is that according to XRD [Fig. 2(a)] raw powder
is not pure B4,C and impurities of graphite and boron oxide
(B,03) are present.

Figure 3(a) shows the relative punch displacement of the
samples during SPS. Punch displacement is proportional with
shrinkage of the sample during SPS. In the case of sample A
sintered under high pressure (300 MPa), the pressure was linearly
increased up to 1200°C and was maintained constant above this
temperature. For sample B, SPSed at a low pressure (50 MPa),
the maximum pressure was applied at 2100°C and until this tem-
perature pressure was constant at 16 MPa.

It is worth noting that SPS conditions and curves of rela-
tive displacement vs. temperature are very different, but both
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Fig. 3. SPS processing: (a)-relative displacement of the punch vs. temperature and (b)-vacuum pressure in the SPS chamber

during heating vs. temperature.

sample B is taken after polishing and chemical etching.

samples A and B show a high relative densification stage. This
was attributed to the presence of liquid B,O; which promotes
precipitation of B4C or it is due to the evaporation and con-
densation of oxide gases such as B,O,, BO and CO [3 and therein
refs].

Lee and Speyer'”"!® also observed a slowdown in consol-
idation rate between 2010 and 2140°C explained by evaporation
and condensation of B4C. The stage of slowdown in densification
is not observed in our case although sample B was processed
by SPS at similar high temperatures. However, evolution of the
vacuum pressure in the SPS furnace during heating [Fig. 3(b)]
suggests significant evaporation above 1650°C for sample B and
up to about 1900°C.

The temperature of the evaporation end (1900°C) is slightly
below 1980°C that is the start temperature of the already men-
tioned rapid densification for the reference sample B.

This sample shows also weak evaporation at lower temperature
of about 950°C. Low temperature evaporation, but shifted to
slightly higher temperatures of about 1200-1300°C is observed
also for sample A, but the high temperature evaporation stage is
likely not reached. XRD from Figs. 2(b), 2(c) shows that the
main residual phase in sample A SPSed at low temperature
(1600°C) is graphite, while in sample B SPSed at high temper-
ature (2100°C) the amount of impurity phases is low, at traces
level. Dacic et al.'V for carbothermal reaction of B,Oj in the air
and under normal conditions found that up to about 1600°C B,03

Z & . 3 S 2 P & : A
Fig. 4. SEM images of: (a)-sample A and (b)-sample B. Arrows indicate free carbon at the grain boundaries of B,C. Image on

A .

is in the liquid state and above this temperature decomposes and
evaporates into suboxide gas phases. Dacic et al.') also under-
lined that under vacuum the equilibrium shifts towards forma-
tion of the suboxide gas phases. As for carbon, above 1600°C,
CO may form and evaporate. We shall remind that we applied
vacuum (initial pressure was ~8Pa) during SPS processing
influencing reactions, stability domains and evaporation. These
complex processes are also influenced by application of the
SPS pressure producing at least a different sintering versus gas
squeezing behaviour. Other details that may also contribute are
the SPS activation electric field assisted specific features'®2%
such as formation of hot spots and occurrence of electro diffu-
sion, generation of sparks and of debatable plasma states leading
to grain boundary cleaning, and heating from inside to outside
as for microwave sintering. In summary, presented analysis of
literature data and of our results suggest that low temperature
evaporation can be ascribed mainly to B,O3 evaporation, while
the one at higher temperature is mainly due to carbon evapora-
tion. This result is supported by EDS measurements performed
on the area of the sample’s surface visualized at magnifications of
500 or 1000 times. Average B/C ratio was calculated for about
8-12 measurements for each sample. There is indeed a relative
and apparent enrichment with carbon in sample A comparative
to raw powder so that the B/C ratio decreases from 3.7-3.9 in
the raw powder to 3.2-3.3 in sample A. The ratio B/C in sample
B is the highest at 4.1-4.3. It is worth noting that precision of
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EDS in concentration determination of light-weight elements
is low and our data should be regarded as qualitative. The
presence of carbon in sample A can be also observed by SEM
in Fig. 4(a).

Presented results indicate that sample A can be considered a
B4C-C composite, while sample B is a B4C almost pure ceramic.
This results in the expectations that mechanical properties are
different. The presence of carbon in sample A introduces plas-
ticity and the consequences are:

(1) Sample A has a lower HV, but still at competitive values
(Table 1).

(ii) There is an enhancement of static and dynamic toughness
(Table 1, Fig. 5) for sample A containing carbon. Enhancement
of static indentation toughness, K., was found in another hard
bulk ceramic Si3N added with graphene and produced by SPS.?>
For many B4C-based composites enhancement of static tough-
ness was observed and sometimes this is not accompanied by the
decrease of hardness. A recent example is for BgO-B4C
composites obtained by SPS.29

Enhancement of toughness in sample A cannot be solely attrib-
uted to the presence of free carbon at grain boundaries. A smaller
grain size will provide more grain boundaries that can influence
mechanical properties improving toughness. The average grain
size is higher for our samples A (1.2 um) and B (1.7 um) when
compared to raw powder (0.8 um) [see also Fig. 1 and Fig. 4(b)].
The highest average grain size was found for sample B produced
at high temperature (2100°C). Nevertheless the differences in the
average grain size are not very high and grain size uniformity is
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Fig. 5. SHPB stress—strain curves for SPSed samples A and B (notation

from Table 1). Arrows indicate how the values of Oy and € (see
Table 1) were estimated.
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good for both samples A and B. This provides the argument to
assume that the main contribution to toughness enhancement in
sample A is mainly due to the presence of free carbon.

Samples after SHPB test were observed by optical microscopy
and SEM. Large pieces were found after SHPB test for both
samples. Our experience on B4C-based ceramic produced by
reactive SPS under N, atmosphere?” showed that enhancement
of S owing mainly to the increase in 0p,y as for the samples from
this work is accompanied by fracturing into large pieces. A
relatively large fraction of small particles was found when §
enhancement is accompanied also by a significant enhancement
of €max. Indeed, for the samples from A and B the fine particles
fraction was small, as expected for a small increase of €.
(Table 1), but sample A shows some tendency in this respect. In
Fig. 6 curved or round shape surfaces can be observed for sample
A. For sample B straight fracture lines and sharp edges form.

Our attempts to observe SHPB fracture edges, lines and sur-
faces versus EDS compositional maps or macro defects such as
pores have indicated that there is no direct obvious correlation
between the dynamic response of the samples and morphology
details of the comminuted samples. A similar result was found for
the samples of B4C obtained by reactive SPS in N, atmosphere
and all discussions and results from our article?” are supported
by the data from this work. The only difference is that in this
work HV is somehow smaller for a higher 0y,,x and S (Table 1).
Further systematic and detailed investigation of the complex
relationships between processing, microstructure, static, and
dynamic mechanical properties is necessary.

4. Conclusion

It is shown that high pressure (300 MPa) and low temperature
(1600°C) SPS can produce samples with improved static and
dynamic toughness, while Vickers hardness and bulk density are
quite high. These samples have a lower grain size and a certain
relatively high amount of free carbon when compared to refer-
ence sample produced by SPS under usual conditions (50 MPa
and at 2100°C).

Results suggest the possibility of toughness control of B4C-
based ceramic through the proposed SPS new approach, but it
also emphasizes the importance of the raw powder quality.
Impurity phases and interfaces (free C and B,03) on the surface
of B4C particles and their evolution during SPS deserve further
attention towards ceramic optimization and improvement.

Acknowledgement S.G. and M.J.R. acknowledge EP/
K008749/1, UK, and PB acknowledges PCCE 3/2012, Romania.

Fig. 6. Sample A after SHPB test: SEM general image (left) and detail (right). Arrows indicate curved fracture lines

and surfaces.
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