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Abstract

Boron carbide samples exhibiting nanometric and submicronic microstructure were
sintered by Spark Plasma Sintering to investigate the effect of grain size on mechanical
properties. The mechanical properties of sintered monoliths were characterized at the
grain and macroscopic scales. Although nanostructured material exhibits finer grains
than the submicronic material (i.e. mean diameter of 82 vs. 474 nm), its apparent
rigidity and hardness are found to be reduced by 6.8 % and 8.4 % respectively. This
contradiction with the Hall-Petch law is linked to the chemical compositions of both
materials, which show significant difference in terms of B/C ratio and higher structural

oxygen content especially for nanostructured material.
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1. Introduction

Boron carbide presents high melting point (~ 2500 °C), low density (2.52 g/cm?3),
high hardness (30 GPa), high mechanical strength (~ 350 MPa) and high neutron
absorption cross section [1-3]. This combination of properties is of high interest for
industrial applications, such as armoring systems [4], nuclear power plants [3], hard

metal tools [5], automotive [6] or even for biomedical [7].

Currently, boron carbide is selected for its very high hardness in comparison with
other ceramic materials. Fine grain size boron carbide materials are attractive from a
mechanical point of view. Indeed, Hall-Petch effect is usually observed for metals and
ceramics, according to which lowering the grain size leads to higher hardness and
mechanical strength [8—11]. Consequently, achieving dense boron carbide ceramics
with fine grain size could enhance mechanical properties. However, as a result of very
strong covalent bonding, the manufacturing of fully dense boron carbide ceramic with
limited grain growth remains challenging and requires dedicated sintering process.
Indeed, even if the combination of high temperatures and long holding times has been
applied to densify boron carbide by pressureless sintering, resulting materials still
exhibit residual porosity [12,13]. Near fully dense relative boron carbide specimens
have been sintered by hot pressing. However, grain coarsening due to long holding
times was observed leading to mean grain size around 16.4 um, while starting powder

showed an initial average particle diameter of 2.9 um [14].

Fully dense boron carbide ceramics with relative densities higher than 98 %
associated with micrometric or submicrometric grain size distributions have been

manufactured without sintering aids using Spark Plasma Sintering (SPS) [15-22].



Recently, Moshtaghioun et al. [23] have characterized hardness and fracture
toughness of boron carbide samples sintered by SPS with different mean grain sizes in
the range 0.12 to 17.2 um. Fully dense materials were not achieved for finer grain
sizes, but a correcting factor was used to take into account the residual porosity for the
comparison of mechanical properties. Hardness was found to follow the Hall-Petch law
in this range of grain size. Moreover, no evolution in terms of fracture toughness was
observed mainly due to the transgranular fracture mechanism. This latter result was

also described by Sairam et al. [17].

The purpose of this work was to compare the mechanical properties of same
relative density sintered materials exhibiting either nanometric or submicronic mean
grain size. The sintered samples were carefully characterized by coupling XRD, Raman,
TEM and elemental chemical analyses. These characteristics were correlated with
mechanical properties, i.e. elastic properties and hardness characterized at the grain

and macroscopic scales.

2. Experimental procedures

Starting materials were two commercially powders exhibiting submicrometric
(grade HD 20, H. C. Starck GmbH, Germany) and nanometric grains (Tekna Advanced
Materials Inc., Canada), and named in the following HD and TK, respectively. The grain
size distribution was determined using two different techniques according to the
expected particle size scale. Laser diffraction particle size analyzer (Horiba-LA-950V2,
Japan) was used for HD powder, while TK powder was analyzed by dynamic light
scattering (Zetasizer Nano ZS, Malvern Instruments, UK). Specific surface areas were

obtained using a volumetric adsorption analyzer (ASAP 2020 V4.00, Micromeritics



Instrument Corp., U.S.A.). Structural and morphological characterizations were
conducted by Transmission Electron Microscopy (JEM-2100F, JEOL, Japan). Chemical
composition was determined by elemental chemical analyses (EMIA-321V for carbon,
and EMGA-830 for oxygen and hydrogen from HORIBA, Ltd., Japan). X-ray diffraction
(XRD) analyses were conducted using a Bruker D8 Advance device (Germany; LYNXEYE
XE-T detector, Cu-Ka radiation, Ni filter). The XRD pattern acquisition conditions are:
angular step of 0.02°, time per step of 0.3 s, angle range 10-120°. Finally, Raman
spectroscopy analyses (Renishaw Invia Reflex, UK) were conducted to obtain useful
information related to chemical bonding and phase distribution in boron carbide
compounds. Raman spectra were recorded from 100 to 1800 cm™ using a wavelength

of 532 nm.

Boron carbide powders were previously pressed into a 20 mm diameter graphite die
under a uniaxial pressure of 30 MPa. Resulting green densities were 43 £ 2 % and
45 + 1 % for TK and HD powders, respectively. Then, samples were sintered using a Dr.
Sinter 825 SPS device (from Fuji Electronics Industrial Co. Ltd., Japan). To elaborate
samples with various relative densities, sintering temperatures were selected in the
range 1300-1650°C, with a dwell time of 5 minutes and a uniaxial pressure of 75 MPa.
A heating rate of 200 °C.min"! was applied since it was usually reported that boron
carbides sintered with heating rates below 100 °C.min"! were subjected to abnormal

grain growth [18,19].

Density of sintered samples was determined by Archimedes’ method in ethanol.
Similar chemical analyses than the ones conducted on powders were carried out.

Phases in presence were also determined by XRD and the local order by Raman



analyses. Sintered samples were cut axially, and the cross-section was polished up to
1 um to characterize their microstructure. After being thermally etched,
microstructure was observed by Scanning Electron Microscopy (FEG-SEM Quanta 450,
FEI, Thermo Fisher Scientific, USA). Grain size distribution was determined by

measuring the Feret’s diameter on at least 200 grains.

Mechanical properties were characterized at the grain and macroscopic scales.
Nano-indentation measurements were performed by using a XP diamond
nanoindenter (Nano Indenter XP™, MTS Nano Instruments, USA) equipped with a
Berkovitch tip. The applied load ranged from 0.5 to 1000 mN. At least 30 indentations
were performed for each sample and results were averaged. The intrinsic Young's
modulus and hardness were estimated using Oliver and Pharr’s analysis technique
[24]. Apparent hardness was measured using a Knoop indenter under a load of 300 g,
and results were averaged from at least 10 indentations. Apparent elastic constants
(i.e. Young’s modulus, shear modulus and Poisson’s ratio) were determined by
ultrasonic pulse echography using 10 MHz transducers in transmission mode (WC37-10

and SW37-10, Ultran, State College, USA).

3. Results and discussion

3.1. Characterizations of raw powders

First of all, raw materials were carefully characterized. Boron carbide and boric acid
phases have been identified in both powders by XRD analyses, as shown in Figure 1.
Free carbon crystallized under the graphite structure is also clearly observed in the HD
powder, but not in the TK one. Crystallinity level of the TK powder is also considered

too low in order to be detected by XRD technique. In fact, the slight bumps located



between the boron carbide peaks around 20-25° and 36° are representative of a

partially crystallized powder.

Figure 2 shows Raman spectra of starting powders. The spectra have been
normalized from the boron carbide highest intensity band, which is located at 1090 cm-
!. The HD powder spectrum can be divided in three characteristic zones [25,26]: (i) two
main peaks at 480 cm™ and 532 cm™, which corresponds to the rotation of the chains
and the libration of the icosahedra; (ii) a group of peaks from 650 to 900 cm™
associated to intra-icosahedron vibrations; (iii) high frequency peaks (975, 1002 and
1030 cm™) related to chain stretching, chain-icosahedron and inter-icosahedron
vibrations. Regarding TK powder spectrum, the low level of crystallinity leads to band
broadening and very low intensity bands [27,28]. In addition, 1355 and 1575 cm™
bands corresponding to carbon can be observed in both Raman spectra powders [29].
Their high intensity masks the other peaks, which can be distinguished with the zoom

in Figure 2.

Figure 3 presents particle size distributions of studied powders. These distributions
are provided as a function of number of particles. Typical SEM and TEM micrographs of
powders are displayed in Figure 4. The TK powder exhibits a monodisperse grain size
distribution centered on 150 nm. However, SEM observations reveal elementary
spherical shaped particles with diameters around 20-50 nm, displayed in Figure 4.b,
and confirmed the presence of agglomerates around 150 nm. This is confirmed by the
XRD peaks analysis, as the application of the Scherrer relation leads to a crystallite size
around 25 nm. Moreover, two types of particles have been observed as indicated in

Figure 4.f: amorphous spherical particles labelled A and some hexagonal crystallized



particles labelled B. The presence of these amorphous particles is in accordance with
the diffuse halo observed in the diffraction pattern of the TK powder, plotted in Figure
4.d, which confirms the partial amorphous state of the material. The grain size
distribution of HD powder is represented in Figure 3 and is centered on 300 nm, but
some larger elementary particles are also present up to 1100 nm. In addition, as it can
be observed in Figure 4.a, some fine elementary particles of 60 nm diameter can be
observed by SEM. Therefore, the HD powder is mainly composed of elementary
particles with size ranged from 200 to 600 nm and exhibits a few coarser particles

around 1 pm.

Chemical analyses have been carried out for both powders and are depicted in
Table 1. The amounts of oxygen, carbon and hydrogen have been directly measured,
while boron content was deduced by subtraction. Significant amounts of hydrogen are
detected in both powders: 0.19 wt% for HD and 0.35 wt% for TK. These results confirm
the presence of the crystallized boric acid detected by XRD, as indicated in Figure 1.
Moreover, a nanometric liquid is observed on particle surface of both powder
particles, mentioned with black arrows in Figure 4.f. This layer could be attributed to
the existence of native oxide or hydroxide phases. In the literature, it is commonly
admitted that boron carbide particles exhibit oxide phases at their surfaces [12,13,30—
32], but hydrogen content was not controlled and XRD analysis does not allow to
distinguish boron oxide and boric acid. In this work, as hydrogen was detected in both
powders, this surface layer is likely to be composed of boric acid. However, some
boron oxide may be also a part of this amorphous layer. Besides, higher levels of
oxygen and hydrogen were noticed in the TK powder in comparison to the HD one.

This observation can be explained by its higher specific surface area (56 and 26 m?.g™*



for the TK and HD powders respectively), which generate higher chemical reactivity for
surface oxidation and hydroxylation. Also, the carbon content ranges from 17.6 to

22.8 % depending on the powder.

3.2. Spark Plasma sintering ability of the raw materials

Finer XRD peaks and Raman bands are observed after sintering, especially for the TK
powder, as displayed in Figure 1 and Figure 2 respectively. This refinement allows
distinguishing a greater number of Raman bands related to boron carbide. It is
assumed that further crystallization occurred in TK samples during sintering as
suggested by these refinements and the disappearance of the slight bumps initially
detected between the boron carbide XRD peaks for the TK powder. In addition, for
both powders, there is no shift of XRD peaks after sintering, which suggests that the
stoichiometry of the carbide phase did not vary significantly during SPS treatment.
Despite boric acid is almost totally removed during sintering, some residual traces
remain in the TK samples, as noted in Figure 1. This is attributed to partial surface
oxidization due to the small grain size distribution in the case of the TK specimens.
Besides, according to Table 1, both sintered samples contain some residual oxygen
content. As boric acid volatilized, the most part of this remaining oxygen is considered
to be structural and corresponds to a boron oxycarbide phase BxCOy in both samples.
The calculated stoichiometries of the oxycarbide phases from elemental chemical

analyses of sintered samples are B3.83C0o.04 for HD and B4.59COo.18 for TK.

Besides, an increase of the Raman band intensities located between 750 and 900
cm in Figure 2 is observed as the B/C ratio increases. This effect has already been
observed in the literature [33—35] for different boron-rich phases. However, this

phenomenon has not been discussed and the amount of oxygen possibly present in



their boron carbide structures not studied. Raman bands above 600 cm™ are
associated to icosahedral modes of boron carbide and a substitutional disorder within
the icosahedron could involve a broadening of those bands [33]. In addition, the broad
low frequency band, peaked at around 250 and 320 cm, is usually observed for bulk
ceramics and can be attributed to an atomic configuration disorder like twin defects
[36]. In fact, twins are commonly observed for boron carbide powders, located at the

grain boundaries [37].

Figure 5 presents the evolutions of the normalized shrinkage rates during the SPS
treatment of both powders. To obtain these curves, the displacements of the plunger
were recorded during the sintering of powder compacts, at 1650 °C for the HD powder
and at 1550 °C for the TK powder. To remove the thermal expansion contribution of
graphite tools on the monitored displacement, the measured displacements have been
corrected by subtracting the ones measured on dense boron carbide samples in the
same SPS conditions. Then, the deduced shrinkage rates have been normalized by the
heights of the powder beds. In the case of the TK powder, the presence of a higher
amount of oxide liquid or gaseous phases at the surfaces of boron carbide particles
coupled with finer particles seem to initiate the sintering at a lower temperature than
the one encountered for the HD powder, as evidenced in Figure 5. In addition, Tekna
powder exhibits slower shrinkage rates, displayed in Figure 5. The presence of surface
oxides seems to prevent from sintering, in spite of the presence of finer particles.

Moreover, for a same sintering temperature, TK is denser than HD, see Table 2.

The highest density achieved for the TK sintered sample was 2.40 g.cm™3 at 1550 °C,

while higher density of 2.47 g.cm™ was obtained at 1650 °C with the HD powder, as
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noted in Table 2. The difficulty to obtain fully dense materials from the TK powder was
related to the higher amount of boric acid and its premature volatilization during
heating This phenomenon could induce the formation of closed porosity (by the
development of gas occlusion), which are difficult to eliminate. The determined
densities values allow estimations of relative densities to 96.2 and 99.0 % respectively.
Although the chemical compositions of the materials are different, both XRD
diffractograms from sintered samples were found to correspond to JCPDS 01-075-0424
card with a radiocrystallographic density of 2.495 g.cm™. As a consequence, this latter
was chosen as reference for boron oxycarbide instead of the commonly admitted

value for boron carbide of 2.52 g.cm™.

A typical SEM micrograph of the 99 %TD HD sample sintered at 1650°C is displayed
in Figure 6.a. Some graphite layers can be observed in a few pores exhibiting an
“onion-like” shape, as represented in Figure 6.b. (white arrow) or Figure 4.e, and as
already observed by Belon et al. [21]. Table 3 references grain sizes in the range 100 to
2000 nm, with a mean diameter of 564 nm. Besides, the microstructure of TK sample
sintered at 1550 °C (relative density of 96.2 %) exhibits smaller grains ranged from 10
to 400 nm, as seen in Figure 6.c, with a mean diameter of approximately 82 nm.
Consequently, both powders exhibit limited grain growth for these sintering

conditions.

3.1. Mechanical properties

Mechanical properties (i.e. elasticity and hardness) of sintered samples, which are

determined at the macroscopic and microscopic scales, are displayed in Table 3.
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The fully dense HD material exhibits a Knoop hardness of 22.8 £ 2 GPa and an
apparent Young Modulus of 448 + 3 GPa. This last value is close to the properties
measured by ultrasonic means reported for fully dense boron carbides [15,17].
Moreover, apparent hardness was also measured using a Vickers indenter to compare
sintered materials with the literature data. In fact, this technique is commonly used in
research papers but in this case, due to damage under Vickers indentations, the Knoop
indenter was preferred to limit experimental errors. The HD monolith exhibits a
Vickers hardness of 31.8 + 1.4 GPa, which is in good agreement with the literature

[15,38].

The mechanical properties characterization was carried out sintered materials
exhibiting exactly the same relative densities (i.e. 92 and 96 %). At the macroscopic
scale, for a relative density of 96 %, the HD sample presents a Knoop hardness of
18.6 GPa, which is higher than the TK one which was found to be 16.9 GPa. In addition,
the HD sample is more rigid with an apparent Young’s modulus of 395 GPa while only
370 GPa was found for TK. These Young’s modulus values are in the range of those
measured by Sairam et al. [17] and Hayun et al. [15] in 96 %TD boron carbides. The
same tendency for both materials has been observed at a lower relative density of 92
%. The elasticity and the hardness were inferior by 11-14 % for TK samples.
Consequently, in spite of the TK significantly lower grain size, HD samples show
improved mechanical properties. This observation could be extended to the different

relative density levels.

At the microscopic scale, the nanoindentation experiments reveal the bulk

mechanical properties of both materials, with a limited effect of the grain boundaries.
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Indeed, the mechanical response is characterized within the depth range 200-300 nm,
which is lower than the grain size of the HD sample and in the same order for the TK
sample. As usual, for both materials, the intrinsic elasticity and hardness are higher
than the relative apparent properties. The TK material exhibits intrinsic hardness and

Young’s modulus slightly lower by about 20 % compared to the HD sample.

3.2. Discussion

Although TK sintered specimen exhibits a finer grain size, its mechanical properties
are lower compared to the HD material. This result is surprising as it disagrees with the
Hall-Petch law commonly observed for ceramics, according to which the lower the
grain size the higher the mechanical properties (especially hardness).. This dissimilarity
in intrinsic properties could hence be related to their different chemical composition.
Indeed, the influence of the chemical composition of the material has to be considered
as a key parameter in the mechanical response in carbide materials. This difference in
chemical composition directly affects their mechanical properties. Indeed, as
previously shown by Niihara et al. [39], a difference in the B/C ratio can affect the
hardness. The measured B/C ratios of HD and TK materials are reported on this abacus,
displayed in Figure 7.a, as well as a reference material MT [22]. The hardness of HD
and MT samples seems to be in accordance with the evolution of hardness with the
B/C ratio. However, the hardness value of the TK material is apart from the values
measured by Niihara et al. [39] for an equivalent B/C ratio. Therefore, the higher
oxygen content of TK materials seems to be the main parameter explaining this
difference in mechanical behaviour. During sintering, the boric acid is almost totally
removed. However, the remaining oxygen in the monoliths is involved in boron

oxycarbide ceramics, B3.83C00.04 and Ba59COg.15 for HD and TK respectively. The position
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of the oxygen atom within the boron oxycarbide is unknown from the literature as it

could fill a vacancy or, as for Ti-C-O or Zr-C-O, substitutes the carbon [40,41].

The lower apparent hardness and elasticity of TK material is a consequence of the
lower intrinsic properties of the oxycarbide phase. This phenomenon has already been
reported by Réjasse et al. [22] where a decrease of the Young modulus was found
when increasing the oxygen amount in fully dense boron carbide specimens having
similar grain sizes. Moreover, as depicted in Figure 7.b, it was also observed a decrease
in the intrinsic hardness, which is in agreement with the values of this work. So, the

higher oxygen content of the TK sample also induces a lower rigidity.

Indeed, it is shown that the stoichiometry has a deeper impact than grain size for a
similar relative density. Therefore, this work highlights the necessity to control the
stoichiometry in order to elaborate boron oxycarbide compounds with improved
mechanical properties. To maximize sample hardness, it is necessary to optimize the
B/C ratio around 4 and to lower the structural oxygen content within the oxycarbide

phase, which have been proved to be detrimental for the mechanical behavior.

4. Conclusion

This study clearly highlights the importance of the measurement of oxygen content
on the mechanical properties on carbides. Two boron carbide powders with different
mean grain sizes, one submicronic (HD) and one nanometric (TK), were sintered by
SPS. The chemical analyzes reveal that sintered samples are in reality boron oxycarbide
ceramics, i.e. B3.83C00.04 and Ba.50C0Op.15 for HD and TK monoliths respectively. The
mechanical properties of SPS sintered specimens were compared at similar relative

densities of 92 and 96 % with a significant difference in mean grain size, i.e. 90 and
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400 nm for the TK and HD materials respectively. Even if the TK monolith exhibits finer
grain size, it was found that the apparent hardness and elasticity were higher for the
HD materials. This shift in the Hall-Petch law and more generally in the mechanical
properties is explained by the leading effect of structural oxygen content in the boron
oxycarbide ceramics. Consequently, to enhance mechanical behavior of boron carbides
from the submicronic to the nanometric scale, it is shown the importance to already
monitor the stoichiometry at the powder synthesis step as these materials tends easily

to form weaker boron oxycarbide phases.
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Figure captions

Figure 1: XRD patterns of as-received powders and sintered samples. COLOUR SHOULD BE
USED

Figure 2 : Raman spectra of as-received powders and sintered samples. Peak identification
reported by [25]. COLOUR SHOULD BE USED

Figure 3 : Particle size distribution (in number) for HD and TK powders at 1650 °C (HD) and at
1550 °C (TK). COLOUR SHOULD BE USED

Figure 4 : SEM images (a, b) and TEM observations (c, d, e, f) of HD and TK powders. COLOUR
SHOULD BE USED

Figure 5 : Normalized shrinkage rates measured during the SPS treatment of boron carbide
powders. COLOUR SHOULD BE USED

Figure 6 : SEM micrographs of a,b) HD sample sintered at 1650 °C and c) TK sample sintered at
1550 °C (after thermal etching). Note: exaggerated grain growth is observed in b) due to the
post heat treatment applied to reveal grain boundaries.

Figure 7 : Evolution of hardness with a) the B/C content and b) the oxygen content. COLOUR
SHOULD BE USED
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Tables
Table 1: Elemental chemical analyses carried out on powders and sintered samples.
wt% O wt% H wt% C wt% B *
HD Powder 2.51 +£0.07 0.19+0.01 22.8+0.4 ~74
Bulk 1.31+£0.18 0.01£0.01 22.2+0.3 =~ 76
TK Powder 6.02 £ 0.16 0.35+0.01 176+1.0 =~ 76
Bulk 4,50 £ 0.15 0.03 £ 0.01 18.6 £ 0.2 =77

* Obtained by subtraction

Table 2: Open porosity and density of sintered samples. The theoretical density used to determine the
relative density was the radiocrystallographic density (2.495 g.cm™).

Sintering temperature Open porosity Density Relative density
°C) (%) (g.cm™) (%)
1700 <1 2.47 99.0
1650 <1 2.47 99.0
1525 <1 2.45 98.0
HD 1475 1.9 2.41 96.4
1450 6.0 2.29 91.9
1425 15.6 2.11 84.7
1400 28.8 1.78 71.4
1550 11 2.40 96.2
TK 1400 2.1 2.29 91.9
1350 9.6 2.10 84.2

Table 3: Microstructure features and mechanical properties of sintered samples.

HD HD HD TK TK

Relative density (%) > 99 96.4 91.9 96.2 91.9
Grain size (nm)

Mean diameter 564 £ 270 474 £ 220 444 + 160 8250 74 + 60

Range 105 - 1940 150 - 1570 70 -1270 10 - 400 15 -260
At the grain scale

Nano-hardness (GPa) 45 +2 35+2

Intrinsic Young Modulus (GPa) 465 £23 380 =26
At the macroscopic scale

Knoop hardness (GPa) 228+2 18.6+1 150+1 169+1 139+1

Apparent Young modulus (GPa) 448 +3 395+ 12 370 + 10 369 + 10 317+ 10

Apparent shear modulus (GPa) 189 +2 167 5 1554 1525 132+4
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