Manuscript Click here to view linked References =

1

2

3

4

> Fracture peculiarities and high-temperature strength of bulk

7 .

8 polycrystalline boron

9
10 . . . -
11 D. Demirskyi (a,b,c)t, P. Badica (d)f, A. Kuncser (d), and O. Vasylkiv (c)t.
12
ii (a) WPI-Advanced Institute for Materials Research (WPI-AIMR), Tohoku University, 2-1-1
15 Katahira, Aoba-ku, Sendai, 980-8577 Japan.
16 (b) Department of Materials Science and Engineering, Tohoku University, 6-6-02 Aramaki Aza
17 Aoba, Sendai, 980-8579, Japan.
18 (c) National Institute for Materials Science, 1-2-1 Sengen, Tsukuba, Ibaraki 305-0047, Japan.
;g (d) National Institute of Materials Physics, Street Atomistilor 405A, 077125, Magurele, llfov,
21 Romania.
22
23 Abstract
24
25 We report the mechanical behavior of a bulk boron ceramic prepared by spark plasma sintering of
26 : : . . .
27 commercially-available g-boron powder. In order to fabricate polycrystalline boron ceramic, we
gg used a protective tantalum foil reacted with carbon from the graphite die or graphite foil forming
28 a thin layer of TaB and TaC covering the boron specimen. This is the first study to show the high-
gg temperature flexural strength, toughness, and Young’s moduli of boron up to 1400 °C. At 1600 °C
34 and above, boron will react with testing environment forming an outer shell.
35
36 The flexural strength and fracture toughness at room temperature reached an average of 340 MPa
37 . _ : . . . .
38 and 4.1 MPa m*?, respectively. Despite showing clear signs of plastic deformation on the strain-
28 stress curves, the yield strength of the monolithic boron ceramic exceed 1 GPa at 1200 °C. It was
j; determined that fracture at elevated temperatures follows a quasi-transgranular mechanism, where
ﬁ the sub-grains of the boron fracture as plate-like structures. An interpretation for the observed
45 fracture behavior was proposed.
46
47 Keywords: boron; polycrystalline ceramic; flexural strength; high-temperature materials.
48
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50 .
51 1 Introduction
gg Boron is a unique ceramic which has a low specific density, high hardness, melting point above
2451 2000 °C and high elastic properties at ambient temperature. This ensemble of physical and
56 mechanical properties comes from the unique covalent bonding of boron [1,2]. Similar to carbon,
57
58 boron has several allotropes, with o and 3 borons being the most common [3]. Due to these specific
59
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characteristics, boron is widely used in semiconducting electronics, rocket propellants, source for
various borides, or as a material for shielding and neutron absorber in nuclear reactors [1,2].
Nevertheless, as for a typical ceramic, the brittle nature of bulk boron and the difficulty of
preparing it have thus limited its use as a structural material. Besides, boron would react with
almost any metal or non-metal at elevated temperatures [2], hence fabrication of high-purity
monolithic boron is challenging. Although a large amount of work has been devoted to the
amorphous form of boron or boron in the form of a fiber in the composite materials [4—6], only a
limited number of studies have been directed towards the use of bulk crystalline boron as a
structural ceramic [7—-11]. Methods of preparation of fibers or filaments included processing of
high-purity boron from boron chlorides with a maximum size of 20 um [2]. Other methods, such
as CVD [12], were used for ceramic coatings. Preparation of bulk monolithic boron is known to
be achieved by melting in boron nitride crucible at 2050 °C [2]. Studies [7-11] are our source of
information regarding the strength of polycrystalline boron, as values between 170 and 320 MPa
were reported for the flexural strength at room temperature. Furthermore, various articles report
that flexural and tensile tests of boron filaments exceeds 500 MPa [4-6], but no attempts were
made to measure the elevated temperature fracture of bulk polycrystalline boron [7].

Within this study, we undertook the investigation of the flexural strength of bulk polycrystalline
boron ceramic at elevated temperatures. One of the most challenging aspects was to fabricate high-
purity polycrystalline boron ceramic. The bulk boron or boron powder will react with almost any
substance at elevated temperatures. For this end, we used the spark plasma sintering method and
used additional tantalum foil to minimize the carbon diffusion into the boron specimen during
consolidation. The aim of this study was to define the extent of ductility for the polycrystalline
boron, which was possible up to 1400 °C. Scanning and transmission electron microscopes were
used to observe the structural changes during the consolidation and flexural tests. Finally, attempts
were made to compare the fracture behavior of bulk polycrystalline boron ceramics with reports

about boron carbide or boron suboxide bulks.

2 Materials and Methods
Commercially-available boron powder (Int Lab, USA, Lot#1012298) was used as the starting
material. According to the manufacturer, the initial powder had a purity of >98% and powder

particle size of 2 um. Before consolidation, the boron powder with a red-rust color was diluted in
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ethanol (C2H50H, 99.5% reagent grade; Kanto Chemical Co.), stirred using a magnetic stirrer,
then followed by low-temperature drying (at ~100 °C) to remove any moisture. The resultant
powder was screened using a 60-mesh sieve.

The spark plasma sintering (SPS) experiments were conducted using the ‘Dr. Sinter’ 1050
(Sumitomo, Japan) unit with a 30-mm die. The schedule for the boron specimens prepared in this
study had four major steps: (1) heating to 700 °C in four minutes following a five-minute dwell,
(2) heating to 1000 °C in 10 minutes with a 10-minute dwell. After step (2), the heating rate of
50 °C min! was used to reach (3) the consolidation temperature of 1800 °C with a dwell of 15
minutes. The last step (4) was cooling to 600 °C in 15 minutes.

SPS was performed in a vacuum, as reports of the crystallization of amorphous boron [13,14]
suggested that it will crystallize into the a-B form when argon is used, while processing in a
vacuum favors crystallization of f-boron. At the end of the dwell at stage (2), the pressure was
increased from 20 to 40 kN. The pressure of 40 kN was maintained during the consolidation and
cooling stages. For simplicity, boron ceramic specimens prepared using the described procedure
were labeled b15.

In order to minimize the reaction of boron with graphite foil or graphite punches/die during the
spark plasma sintering, we used the tantalum foil (0.025-mm thick, 99.9+% metal basis; Sigma-
Aldrich Japan G.K., Tokyo, Japan). The Ta foil was inserted between the powder and the graphite
foil [15].

After consolidation, the surface of the sintered specimens had a gold-yellow or silver color. This
was due to the formation of tantalum carbide or tantalum diboride, respectively. The layer
consisting of these two phases extended up to 200 um and was removed during polishing.
Following removal of these layers, the surface of the boron ceramic had a dark grey color similar
to that of boron carbide or boron suboxide. After coarse grinding, the sintered specimens were
polished with diamond disks with a particle size of up to 0.5 um. The density of the samples was
then measured by the Archimedes method using ethanol as the medium in accordance with ASTM
B 963-08.

An X-ray diffraction (XRD) analysis (D8 Advance, Bruker, Karlsruhe, Germany) using the Cu-
Ka radiation was performed on the polished surfaces of the specimens. The intensity data were
collected over the 20 range of 20°-90°, in steps of 0.02°, using a sampling time of 2 s for each

step. For the phase analysis, we used the range of 6°-46°, where data was collected in steps of
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0.01° using a sampling time of 20 s for each step. The Ni filter was used to attenuate the Cu-Kp
radiation. The software used for the refinement was TOPAS (TOPAS Ver. 4.0, Bruker AXS,
Germany) or MAUD. Instrumental broadening and specimen displacement was determined using
a LaBs standard in runs under the same conditions for each boron sample. Lattice parameters of
the boron ceramics were determined with an accuracy of 0.0001 A.

Microstructural observations and analyses were carried out on the fracture surfaces by scanning
electron microscopy (SEM, SU 8000; Hitachi, Tokyo, Japan) using a 5 kV acceleration voltage
and secondary electrons mode. The details of the fine microstructure in boron ceramics after
consolidation and after the flexural test at 1200 °C was observed by transmission electron
microscopy (JEM 2100, TEM). TEM specimens were prepared by the standard powder method
and plane-view method. For the plane-view method, mechanical polishing was followed by Ar-
ion polishing using a Gatan PIPS (Precision lon Polishing System). For simplicity, all the
crystallographic indexes used in this study were in the (hkl) form calculated using the hexagonal
(hkil) notation.

The three-point flexural strength was determined using rectangular blocks (2x2x25 mm or
1.5x2x25 mm) and strength testing equipment previously described in detail [16,17]. A span of
16 mm was used. Measurements were performed with a loading speed of 0.5 mm/min. Six to
twelve samples were tested at room temperature from the ceramic tiles that were free of
macroscopic cracks. The standard deviation was taken as the measurement accuracy. Tests above
1600 °C were performed in argon, otherwise, a vacuum atmosphere was used. In order to prevent
reaction of the flexural bars made from boron with the B4C-based loading cell, the surface of the
bars was covered with a thin layer of hexagonal boron nitride as introduced in ref. [7]. The heating
procedure for the high-temperature flexure tests was described in detail elsewhere [18].

The fracture toughness of the ceramics was evaluated using a specimen bending testing which
contained a single edge through-thickness notch following ASTM C1421-10. Details of the testing
configuration and the notch profile are presented in ref. [17]. Two tests with loading rates of 0.05
and 0.5 mm/min were performed at room temperature.

The hardness was determined by an MMT-7 Vickers hardness tester (Matsuzawa MMT-7;
Matsuzawa SEIKI Co., Ltd., Tokyo, Japan) using a load of 9.8 N with a dwell time of 15 s
following the standard procedure (ASTM C 1327-15).
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3 Results and Discussion

3.1 Powder characterization

Figure 1 shows an SEM image of the initial powder and the results of the XRD analysis. The
particles have an irregular shape and a size below 2 um. The shape of the powders suggests that
these were milled during the preparation. However, the absence of Fe (according to the EDX, Mg
<500 ppm) suggests that after milling, the powder was chemically cleaned. The original powder
had a dark red color which is consistent with previous studies [2,13]. One study [19] reported that
the B-B powders had a star-like shape, which originated from the high-pressure synthesis [20].

Before the high-pressure synthesis, the amorphous boron powder used in [19,20] had a similar
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Figure 1. SEM and X-ray diffraction of the initial boron powder. All phases belong to the #166
(R-3m) space group. The main phase was -B rhombohedral boron with the lattice parameters
(a=10.926 A, ¢ =23.809 A, [24,25]). The minor phase had lattice parameters second phase:
a=4.858 A, c=12.61 A (2.85 vol.%) [23].

On the contrary, one work [21] suggested that both the color and powder shape (irregular or
spherical) depend on the crystallinity of the powder. Nevertheless, the star-like shape is peculiar
for the boron suboxide when the powder has been obtained by the chemical growth methods [21].
The XRD analysis and the color of the powder suggested a rather high-degree of crystallinity
(70%) comparable to that observed for the boron powder in [21]. After sintering, the XRD showed
that the rhombohedral B-B with the lattice parameters a = 10.926 A, ¢ = 23.809 A remained as the
main phase (98%). Only faint peaks were found and they can be attributed to the p-B with a high
number of defects (a = 4.858 A, ¢ = 12.62 A) [2].
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Neither graphite or h-BN peaks were observed. But, secondary phases were detected in the
samples. Because the impurity phase has a similar lattice parameter to that of the initial boron in
the powder form, and also to Bi3xN2 or Bi3yO2 phases, based on the XRD results, it was not
possible to identify the secondary phases. Boron carbides in any form were removed from the
discussion considering the EDX results in SEM or TEM observation (see below) showing only
traces of carbon in our samples. The lattice parameters for the secondary phase are slightly lower
than that expected for boron suboxide (a = 5.3902 A, ¢ = 12.3125 A) [22]. Following the analysis
of [22], it can be expected that the lattice of the suboxide decreases with the oxygen occupancy of
the 6¢ site, suggesting that it is possible that the observed lattice parameters may indicate some
local defects in O or N. We should emphasize that one study [23] reported the lattice parameter of
the B-boron as a = 4.908 A, ¢ = 12.567 A, which is comparable to the secondary phase obtained
by XRD. The difference in volume of the cell for -boron is due to a number of boron atoms
considered for the hexagonal cell [23,24]. The main phase has a = 10.926 A, ¢ = 23.809 A and this
is consistent with the observation of Hoard for B-boron (a=10.944 A, c¢=2381A, or
a=10.145 A and a = 65°17’ rhombohedral lattice parameters) [24]. Hence, the data of ref. [24]

were used in Rietveld refinement procedure.

periodic defects

beta-B sheé;f§\¥_

Figure 2. High-resolution TEM images of the as-received boron powder indicating that boron is
composed of crystals with a layered aspect (a). SAED pattern in (b) indicates the p-B phase (cif
data from ref [24]). The inset of the (b) shows a diffraction simulation under the kinematical theory

assumption and is in good agreement with the experimental data. Some periodic defects can be
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observed both within a single sheet and within a stacking of sheets. (c) shows the HRTEM details
of a sheet as observed along the c-axis.

Figure 2 provides an indication of the local structure of the initial powder by high-resolution TEM.
TEM images suggest that boron powder is composed of crystals with a layered nature. Periodic
defects in the lattice were seldom. The SAED pattern in (Figure 2 (b)) is consistent with the initial
XRD analysis as cif using the data of refs. [24] or [25] shows a good agreement between the
experimental observation and diffraction simulation. The EDX analysis of the powder using TEM
did not reveal metallic impurities in an amount higher than 500 ppm. These were Mg (~400 ppm),
Al (~200 ppm) and Si (~100 ppm).

3.2 Densification

Before conducting the consolidation of boron using the schedule b15, various non-isothermal
heating runs using SPS and a constant pressure of 40kN were performed. The densification
behavior for the various process parameters is shown in Figure 3.

Studies on the obtaining or consolidation of bulk polycrystalline boron are few [8,9,26,27]. In [8],
boron was prepared using chemical methods or by the arc-melting of the powder. The study [27]
investigated the consolidation of boron at temperatures up to 2268K. In ref [27], a very coarse raw
powder was used (8-10 um) and thus a very low relative density can be understood from the

Herring scaling law [28].
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Figure 3. Isothermal densification of amorphous boron compacts using SPS.
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A regular heating experiment using SPS suggested that the maximum shrinkage rate for the
powdered B-Boron was at 1400 °C+80 °C, which is considerably less than observed in [27]. The
consolidation in this temperature range using a dwell up to 30 min resulted in a poor density (below
70% TD). One of the factors in determining the final temperature for consolidation was to use a
temperature range higher than for the dissociation of boron suboxide (>1760 °C) [29] in order to
ensure that the resulting boron would be free from possible boron suboxide aggregates.
Furthermore, because the tantalum foil was used during the SPS consolidation, the carbon
diffusion was restricted to the surface layer of the boron specimens, where TaB, or TaC were
formed and B4C or B13C> were not observed. As a rule, temperatures above 1850 °C resulted in
coarse grain sizes (>5 pum) hence, the optimal temperature of 1800 °C was used.

The theoretical density of the b15 ceramic was evaluated as 2.425 g/cm?, whereas the bulk density
for the as-polished specimens was measured as 2.423 g/cm?® (99.9 % TD). The mean grain size for
the phases detected by SEM was below 2 pum (Fig. 4). The average grain size was 1.2+0.6 pm,
while the median value of the grain size was estimated as 1.1 pm. The minimum grain size

determined by SEM was 400 nm. The TEM results show the sizes of the grains/sub-grains below

Figure 4. Representative microstructures of boron consolidated using SPS at 1800 °. Samples

were prepared by ion polishing, as regular polishing using diamond slurry caused frequent pull-
out of the 1020 pm clusters.

3.3 Mechanical properties



O©CO~NOOOTA~AWNPE

The bulk b15 ceramic had a hardness of 32.1+0.6 GPa, which is comparable to monolithic boron
carbide, boron suboxide or boron phosphides [2,30-33]. The toughness at ambient temperature did
not exceed 4.1 MPa mY2, which is in agreement with the data for fine-grained boron carbide [33],
boron suboxide [32] or boron phosphide [30].

The flexural strength test at room temperature showed that polycrystalline boron behaves in
reasonable agreement with the strength vs grain size analysis for the boron-based ceramics
presented in (Figure 5) [11,34-47]. The data are in close proximity to the results for monolithic
boron suboxide [34] and boron — boron suboxide ceramics consolidated by Petrak et al. in [11].
That being said, the data for boron carbide presented in Figure 5(a) is quite broad as the majority
of presented boron carbide bulks would have a minor amount (<1 vol%) of metallic or ceramic
impurities, including graphitic carbon [48]. The data for b15 is marked with error bars, while the
other bulk boron ceramics with slightly different grain sizes are summarized based on up to four

flexural tests.
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Figure 5. Flexural strength of boron ceramic: (a) variation in flexural strength of boron and boron
carbide ceramics as a function of grain size [11,34-47]; (b) statistical variation in flexural strength
at room temperature. (c) effect of temperature on the loading curves for bulk b15 ceramics at room
temperature, at 1200 °C, and at 1400 °C.
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The results of this study for the b15 ceramic (Figure 5 (b)) provide a very high Weibull factor,
m = 11.83, which indicates that the majority of specimens would have similar in size strength—
limiting flaws. This flaw should have a size of 20 or 32 um depending on the flaw geometry using
the Griffiths relation [49]. Judging from the average grain size for the b15 ceramic, this flaw should
correspond to a surface flaw, as the flaw size only slightly exceeds a cluster consisting of ten boron
grains. Since neither of the SEM images revealed grains with sizes larger than 8 pum, we consider
the surface or subsurface flaw as the main candidate for the flaw that leads to fracture.
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Figure 6. Young’s modulus of bulk polycrystalline boron as a function of temperature. Data of

Kuliev [51] for boron carbide is provided as a visual reference.

With an increase in temperature, the flaw size decreases below 6 um (strength above 1100 MPa,
toughness 3.3 MPa m*?2, at 1200 °C), but in general, the fracture behavior is distinctively different
than that observed at room temperature (see section 3.4). We should note that 1200 °C was selected
as roughly the 0.66 melting temperature of boron, as in this region for the metals and some covalent
solids [50] plastic deformation should be a strength-controlling factor. Thus tests above this
temperature as depicted in Figure 5(c) for 1400 °C would have a lower yield and fracture stress
and will suffer from the of decrease Young’s modulus (Figure 6) [51]. The variation of the fracture
toughness vs temperature is summarized in Figure 7. The data for the high-temperature toughness

dependence of the monolithic boron carbide, boron suboxide or boron ceramics were not available

10



O©CO~NOOOTA~AWNPE

at the time of this analysis. The data for Be¢O—TaB: could not be directly compared [17] as TaB:
may act as a toughening element. Without any reference data, it is impossible to analyze the
observed temperature dependence of the toughness. We underline that the toughness gradually
decreases with the increase in temperature and this decrease has striking similarities to the
temperature dependence of the elastic modulus vs temperature (Figure 6). In this respect, it can
be hypothesized that toughness at elevated temperature is not being improved by plasticity at the
crack tip of the crack, and, in fact, the toughness decreases due to the decrease in the bonding
between the grains.

© : : \QBofon (this study) |
N 400 T O T R e
S O T~ O : :
© i \\ . .
g 6 |
g Y
© B5 S e
< | S :
3 o
© 1 O O
3 - O N0
B B0 OO
C 4 : N

, ' N

T ‘ T T ‘ T T ‘ T T T
0 500 1000 1500

Temperature, °C

Figure 7. Fracture toughness of boron as a function of temperature.

The flexural strength data for boron [7], boron suboxide [34] and boron carbide [41,52,53] are
summarized in Figure 8. In general, for the bulk boron carbide [54], various shapes of the strength
vs temperature can be expected as such an increase in the strength observed for boron and for
boron carbide [52,53] can be understood to be the consequence of the local increase in
microplasticity [50]. Other factors, such as the local defect structure, obtained during processing
(twins or stacking faults) may contribute to the strengthening. Another study [9,10] also reported
the transverse rupture strength for boron samples with a high porosity (30%), and the strength for
these specimens gradually decreased up to 1800 °C where plastic deformation was observed. The
1900 °C data in [9,10] yielded a four-fold decrease when compared to 1800 °C. This result can be

interpreted as activation of the macroscopic plastic deformation of boron, and one can easily

11
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understand why at temperatures between 1800 °C and 1900 °C densification was faster (Figure
3).
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Figure 8. Summary of high-temperature flexure experiments for boron [7], boron carbide
[41,52,53], and boron suboxide [34].
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The rapid decrease in strength at 1400 °C could be interpreted as a higher contribution of plasticity
to the fracture process, or alternatively (see section 3.4), a change in the dominant fracture mode
as result of, perhaps, activation of a different slip plane in the boron crystal. One may recall that
for the flexural test we used BN powder to prevent a direct reaction between the boron specimens
and boron carbide testing cells. Below 1600 °C, one could not observe any reaction between the
boron and BN, while above this temperature, shells with a thickness between 100 and 200 um were
observed. The high reactivity of boron above 1500 °C is highly anticipated [2]. The data for the
boron specimens tested at high temperatures of 1600 °C or 1800 °C depicted by the solid black
circles in Figure 8 are for specimens in which the formation of the outer shell was observed during
the flexural tests. The presence of a shell did not allow one to consider these data as “pure” boron.
The similarity to the high-temperature data of boron and boron carbide [52,53] suggests that the
optimal conditions for the bulk boron ceramics may lie below 1200 °C, where it is less reactive

and possesses a high strength, relatively high toughness and high elastic modulus.

3.4 Fracture analysis of the boron at room temperature and at elevated temperatures

12
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The fractographic analysis at room temperature suggested that monolithic boron behaves similar
to glass-like ceramics. Macroscopic examination of the flexural bars after testing at any
temperature showed that the middle section of the bar was shattered into at least 16 pieces of
various sizes with largest direction being approximately 0.8 mm. The difference between the tests
at room and elevated temperatures was in the size distribution with larger pieces being observed
for tests at 1200 °C or 1400 °C. After the tests at the higher temperatures, see inset in Figure 8,
one can still observe four to five pieces after fracture, but formation of the outer shell during the
flexural test did not allow us to consider fracture for these specimens in this section. A fairly large
number of pieces after the flexural test may serve as indirect confirmation that the fracture process
is due to independent flaws, but in general, this significantly complicated the fracture analysis. It
should be thus noted that monolithic pieces with a clear profile were used for the fractographic
analysis by SEM or served the origin for the TEM specimens.

For the test at room temperature, typical brittle fracture has been observed, and depending on the
area of the surface bar after the flexural strength tests, one can find the presence of the clusters of
the secondary phases (Figure 9). The total area that these phases occupied was approximated ~8%,
which is in agreement with the XRD data (see Figure 1). In general, there was a slight change in
the lattice parameter of the main phase for the bulk a = 10.941 A, ¢ = 23.864 A. Bragg peaks of
the second phase are not shown in Figure 9 (d) as only four peaks can be attributed to the second
phase. The lattice parameters were refined as a = 4.857 A, ¢ = 12.610 A, which are consistent with
earlier observations for the powder. Bulk ceramics of the boron showed some texture and preferred
orientation, and these could not be resolved as planes with a similar symmetry would show a
different preferred orientation. Thus, the refinement of the b15 bulks was attempted without taking
into account the texture models. We attempted to improve the refinement of the bulk boron by
taking into account the possibility of layered boron grains which were seldomly observed after
fracture. The summary of these efforts are provided in Figure 9 (e) using four layers along the
c axis for the hexagonal representation of B-boron. The refinement was significantly improved
although a peak intensity mismatch due to the above-mentioned texture was still present. Figure
9 (f) illustrates the ‘composite’ consisting of the boron-matrix and layered boron inclusions as
interpreted by the XRD data. From the macroscopic viewpoint, this situation can be described as
a salami-like structure. One can only presume that such layered structures can be interpreted as N-

rich grains following the SEM or TEM analysis.

13
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Figure 9. SEM images of b15 ceramics after flexural strength tests at room temperature. White
arrows indicate N-rich grains, while black arrows indicate the presence of the O-rich precipitates.
Based on the TEM observations, the size of the O-rich precipitates is approximately 50-200 nm,
hence the light-gray grains that are larger in size correspond to the O-rich clusters. (c) shows a
macroscopic zone where the B-matrix fractures in the intergranular manner and transgranular
manner. The fracture type clearly depends on the relation to the force application. The O-rich
precipitates are visible on both sides. Inset in (c) shows a macroscopic distribution of the large N-
rich clusters and also illustrates the relation between the force application direction and fracture at
room temperature. (d,e) shows a typical XRD pattern observed for the bulk b15 ceramic, and the
blue lines indicate the Bragg position for the main phase using the same initial phase as for the
powder material [24]. (e) highlighted position of peaks for the layered boron structures, while (f)
provides a visual representation of the layered inclusions as seen by XRD. Such layered structures
can be identified using the fracture as the N-rich phase. For these grains, multiple layers were

observed following the flexural strength tests.

Furthermore, the fractured boron grains rich in N would spale in the layers or would lead to the
formation of the triangle-shaped sharp-edge clusters. O-rich clusters usually remained embedded
in the boron ‘matrix’, indicating that these may be precipitates formed during the SPS processing.
The formation of edge-facets or (101) facets with a trigonal shape during the preparation of the
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single-crystals of B-boron were observed in [55]. This was explained as specifics of the step-by-
step growth or defect segregation in the form of the thermal etch pits. Hence, the presence of the
minor phases that are rich in O or N can be understood to be a consequence of the SPS processing.
As noted by Petrak et al. [11], the formation of the secondary phases in the bulk boron is
unavoidable per se thus one can limit the amount of secondary phases when dealing, of course,
with powder processing. In our case, as noted before, we restricted the diffusion of carbon to the
surface of the specimens where it was consumed by the reaction between the carbon and tantalum
foil formation TaC layer which was polished of after the SPS. If necessary, the formation of these
clusters can be eliminated by SPS using lower temperatures. Other non-metal impurities, such as
O or N, would arise, of course, from the direct exposure of the powder before the SPS. Although
we did take precautions in using a glove box filled with argon during inserting the powder into the
graphite die before the SPS. The short term exposure to moisture or air before the SPS processing

was unavoidable within the present study.

ey 10 N |

Figure 10. TEM images of b15 ceramics after (a) spark plasma consolidation at 1800 °C with 15-
min dwell in argon and (b—d) following flexural strength tests at 1200 °C. Insets in (a, d) shows
selected-area electron pattern of boron phases, identified as B-B (space group #166, using cif data
from [24]). (d) shows local EDX mapping and line profile indicating the presence of the N-rich
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and O-rich phases in the crystalline boron matrix. (d) shows a high resolution TEM image of a
portion of an area marked as 1 in (c) in the [242] zone axis. ‘Stacking faults’ are visible here, but
these were also present in the as-consolidated material (see grains in (a)). Inset in (d) visualizes
(001) planes as possible stacking faults when 242 zone axis is used.

The TEM investigation of the boron bulk after consolidation or after the flexural tests at 1200 °C
is summarized in Figure 10. One can see that the TEM images indicate that sub-grains with size
of 400 nm were rather common after the consolidation or flexural tests. Only a fair amount of
stacking faults as planar defects in these sub-grains occurred (Fig. 10(b)).

SAED patterns as in the case of the powder were analyzed by using the data of refs. [24, 25]
converted into cif files from the NIMS database [56]. In general, the indicated cif files describe
relatively well the structure as an average over a relatively large area (SAED inset in Fig. 10 (a)
was taken on the entire area of Fig. 10 (a). However, the bulk boron samples locally contain
nitrogen and oxygen as revealed by the EDS elemental line profiles and maps (Fig. 10 (c)). The
maximum EDS measured stoichiometric ratios were B:O 100:3 and B:N 100:2.

The phase containing N was elongated (deformed and/or plate/rod-like), whereas the O-rich phase
can be treated as a sub-grain or as a precipitate in the boron bulk and it has an irregular shape
reminiscent of a frozen liquid. Some local regions, apparently when containing nitrogen and
oxygen, show a higher presence of planar defects. Although their crystal structure resembles that
for B-B it has different interplanar distances and lattice parameters (Fig. 10 (d)). We could not
identify the phase in Fig. 10 (d) considering the known boron-like phases in the B-N and B-O
systems and in the absence of reliable structural data for the phases of the B-C—N-O systems [57,
58] at the present moment, it was not possible to speculate on the formation of novel boron-rich
phases.

However, a noteworthy observation concerns the presence of carbon in our samples. The TEM
study indicated that C is present at the detection level. This suggested that application of tantalum
foil is a reliable technique to minimize carbon diffusion into the pure polycrystalline boron
material. The authors believe that suppression of the reaction between boron and carbon is
important for successful fabrication of the boron polycrystalline bulks and may explain the current
lack of reports on the fabrication of boron ceramics, but more research is needed to support this

statement. An additional observation from the TEM investigations is that the oxygen-enriched
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zones do not overlap with the zones rich in nitrogen. Under the presented circumstances, it is
possible that for the unidentified structures of the oxygen and nitrogen-rich boron regions one has
to consider other specifics of the boron. One idea is, as noted in ref. [59] for B-boron, that some of
the B-sites, the B20 site in particular, would have a very low occupancy. Such sites are usually
located close to the center of the hexagonal lattice (see Figure 11). At the same time, the authors
of the ref. [59] suggested that the dominant impurity was carbon (150 ppm). However, the analysis
in [59] suggested that 2 carbon atoms should be present in the 10 hexagonal unit cells of B-boron
(each contains ~320 boron atoms). Hence, one may expect that oxygen and nitrogen can also
provide a similar effect and further studies may clarify the existence of phases observed by the
TEM or SEM.

The nitrogen-rich phases were seldomly observed as if formed by stackable layers and its fracture
behavior was similar to that observed for the fracture of BeO in [34] after flexural tests below
1000 °C. Phases rich in oxygen and nitrogen were clearly observed by the TEM during analysis of

specimens after the flexural tests at room and at elevated temperatures.

Figure 11. Position of B20 atoms with low partial occupancy in the $-boron according to structure
refinement in [59]. (b) highlights the (100) plane for rhombohedral B-boron.

The BsO phase is well known to have a non-stroichiometric composition with unoccupied sites in

the center of the crystal [2] similar to the B20 position for B-boron. If so, this would support the

idea presented in the previous paragraph. As consolidated b15 ceramic and the specimens after the
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bending tests at 1200 °C showed the presence of multiple stacking faults (Fig. 10 (b)). Observation
in the high-resolution TEM mode indicated that after deformation (Fig. 10 (d)) these areas
consisted of lamellae boron layers between larger in size pairs of the stacking faults. Following a
recent report on twins behavior in the boron carbide-based ceramic from ref. [54], it is suggested
that the observed lamellae structures should correspond or be involved in the processes for twin
formation, twin rearrangement and twin growth. In the scope of this study, the areas corresponding
to twins were not identified by the TEM. Other studies [2,60] that could not identify twins have
been reported for melted boron after high-temperature deformation [2, 60], although in some cases,
stacking faults were observed. Based on Fig. 10 (d), we may presume that stacking faults were

observed parallel to the (001) plane.

3.4.1 Data on defects in bulk boron

Defects such as stacking faults, dislocations, and twins were reported in [2,55,60-66]. However,
none of these studies were using polycrystalline boron prepared using powder metallurgy methods.
In [2], it has been mentioned that dislocations could not be observed after high-temperature
deformation of the crystals grown by the zone melting method, while the initial material had a
considerable amount of stacking faults and twins, similar to the observations of [55] that were a
consequence of the growth patterns. Analysis of the twins and dislocations by Werheit [61]
indicated that a high concentration of structural defects in boron after melting may suggest that 3-
boron has a low energy for dislocation. Although some studies [60—62] mentioned observation of
dislocations for melted boron, they failed to provide any crystallographic details.

Stacking faults in boron were reported in [61,63,64]. According to Kleinhenz and Runow [64]
stacking faults for B-boron are situated in the (10-1) plane. Details on twins in a-boron [65,66] or
B-boron [2,60,62,64] are more diverse. Ref. [65] reports that twining in a-boron obtained by
pyrolysis in a hydrogen flaw was (100). Sitarik and Ellis [66] produced a-boron by the reduction
of BClIs with hydrogen for transport and platinum as the liquid- forming agent. Both straight and
kinked whisker crystals were produced with <-4401> growth directions. The twinning plane was
(0 -1 14) for the rhombohedral crystal. For the B-boron, twinning plane of (5-1-1) in the hexagonal
system is mentioned in [2], while [60,63,64] report (100) for the rhombohedral crystal (Fig. 11

(b)). At the same time ref [60] reported a possible twinning plane of (201), and it was underlined
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that the calculation of defects using the plane (10-1) [64] was possible, however, such actions were
insufficient to verify possible dislocation configuration.

These observations show that the polycrystalline boron situation with local defects are even more
complex. Unlike observations made for specimens prepared by melting (arc-melting, zone melting,
directional solidification, etc.) where the possibility exists to control the growth of crystals [2],
specimens obtained by the ‘powder metallurgy’ approach should have a completely random
pathway for the formation of grains from powders. The application of pressure during the SPS
processing may serve as the parameter to alter the crystallization direction, as the boron powder
crystalizes into a-B form or B-boron during heat-treatment [13,14]. Hence, fracture toughness and
strength specimens were cut parallel to the pressure application direction, minimizing possible
anisotropy in the measurements [2,55,60]. Thus, it is worthy to mention the results of Komatsu
and Moriyoshi [67] which mention that B-boron may growth along quite different preferential
directions including those that are not common for the above mentioned defects such as twins or
stacking faults. Thus, the observed stacking faults (see Fig. 10 (d)) formed by a family of (001)
planes may deviate from the (10-1) direction reported in [64].

3.4.2 Macroscopic fracture of bulk boron

Macroscopic fracture of boron bulks was analyzed by SEM. Figure 12 summarizes the
fractographic analysis performed after the flexural strength tests at elevated temperatures. Unlike
fracture at room temperature, at 1200 °C, the b15 ceramic showed a more complex behavior. None
of the fractured areas would follow classical intergranular or transgranular fracture mechanisms.
Similar to observation in [67], the boron grains seem to fracture along a specific crystal orientation.
From the view point of macroscopic fracture, the b15 ceramics showed characteristics of single-
crystal sapphire or polycrystalline boron suboxide. Namely, in some instances as marked by the
white arrows in Figure 12, the fractured areas would feature conchoidal surfaces. Based on
previous studies of sapphire or corundum [68-71], it is most likely that these areas would
correspond to the (012) plane (or to equivalent planes (-102), (1-12)). A similar formation has been
observed for polycrystalline boron suboxide in [31], as grain surfaces were explored in the
intermediate stages of the Be¢O consolidation. With an increase in the testing temperature the
volume fraction of the grains/clusters that are being fractured along the high-temperature slip-
system increases from 68% for 1200 °C to 90% for 1400 °C. That being said, both quantitative
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relationships between these two extreme cases are quite sensitive to the direction of the load
application (see Figures 12). At temperatures above 1600 °C, 98% of the grains fracture in the

manner presented in Fig. 12 ().

Figure 12. SEM micrographs of boron-15 after flexural tests at ambient temperature (a-d), at
1200 °C, and at 1400 °C (e,f). (a,b) were taken in the area at the ~40° angle to the load application
direction, while (c-f) were taken from the surface perpendicular to the load application direction
(top to bottom). The white arrows in (b,d) show places of quasi-brittle fracture previously reported
for boron suboxide [31,34], and are the result of the fracture along (012) rhombohedral plane. The
black arrow in (f) shows high-temperature plastic (rubberlike) deformation of layered boron grains
(see higher magnification in (h)). (g) shows oversimplified view of (e) underlining the continuous
nature of the matrix (blue (32 vol.%)) and suggesting that 2/3 of the grains fractured alongside the
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low-temperature mechanism (see Figure 14(c)), while with an increase in temperature to 1400 °C,

this value decreases below 10 vol% as the high-temperature slip-system should be dominant.

Our attempt to describe the high-temperature fracture process is presented in Figures 13 and 14.
Some of the features observed in Figs. 12-14 were previously observed during flexural tests of
polycrystalline boron suboxide in [31]. Namely, plane-edge fracture with a pentagonal or pseudo-
tetragonal prism shape. These could be understood if one revises the growth methods for some
rhombohedral or hexagonal crystals (see inset in Figure 13 (c)). Thus, in the majority of fractured
areas, the basal plane would be parallel to the loading direction, other grains should fracture
alongside the high-temperature slip-system, and the (0-21)<110> is provided as an example in
Figure 14 (d). Here, the high-temperature fracture model for various slip-systems has been
adapted from ref. [71], where the change in the active slip system was observed at elevated

temperatures.

%{ ...,. ’J E ‘ ‘ :a
Figure 13. SEM images of b15 ceramics after flexural strength tests at 1200 °C. (a) shows an

icosahedron which consists of 20 individual tetrahedral (which is the structure commonly observed
for boron suboxide after high-pressure synthesis); right image illustrates relationship between
icosahedron and rhombohedral cell. (b) shows the relationship of the rhombohedral cell of 3-B and
its hexagonal representation. The green plane selected in the B-B cell is (012) using the hexagonal
indexes; the rhombohedral sapphire experiences conchoidal surfaces when fractured along this
plane [68-71]. (c) Shows the (012) plane for the Figure 12 (b), where the formation of conchoidal
surfaces is highlighted in red. The blue highlights the typical fracture along the prismatic plane
(presumably (100)). Formation of the pentagonal-shaped structures was also seldomly observed
along the icosahedron faces. Inset in (c) provides an oversimplified illustration for the relation
between the basal plane (001) and (012) lamellae form during growth of the rhombohedral crystals.

The black arrows in (c) and (d) indicate the presence of nitrogen-rich phases.
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Considering the results of refs. [67] or [72], one can expect that the amorphous phase can be
crystallized in various directions. A change in the habitus growth direction is not a new
phenomenon [73] and as covalent crystals, such as diamond, are also quite sensitive to impurities
and external processing conditions. For instance, the development of the crystalline faces for the
boron crystal presented as inset in Figure 13 (c) suggests that the (001) plane would most likely
be the plane responsible for ‘crystallization’ of the boron from powder into the grains during the
SPS. As for a brittle ceramics, the fracture of polycrystalline boron on the macroscopic level will
be controlled by the low-temperature slip system, as the (001) plane may be responsible for growth
of the crystals [2].

oy (B) A (e) o (d)

intergranular transgranular

CCCO : m?ﬁf —(001)

~ force ﬂ quasi-transgranular with decohesion (layered)
n

7o e o mmm =
53 N ﬂ]]llm % ‘~L<11o> (1-20) <100>
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Figure 14. SEM images of b15 ceramics after flexural strength tests at 1200 °C, where the white
arrows shows orientation of boron grains with the respect to the force application direction. Similar
fracture has been reported for boron suboxide below 1000 °C in [34] and after consolidation in
[31]. In principle, if grains consist of layered sub-grains, this fracture mechanism should not be
limited to boron-rich compounds. (b) depicts a nominal fracture mechanism of quasi-transgranular
fracture, as decohesion is assumed to be active for a boron ceramic at elevated temperatures.
Directions for fracture in (a) were determined by OrientationJ (Imagel), and note that the
conchoidal surfaces usually form along the (012) plane. (c and d) provide a schematic comparison
of two slip systems previously observed by Scheuplein [71]. (c) is typical for low temperature

deformation, while (d) corresponds to the high-temperature slip system.

By comparing the TEM and SEM results, it can be suggested that because the fracture
macroscopically occurs mainly by peculiar slip systems, only the zone affected by the high-
temperature crack propagation would reveal fracture mechanisms. SEM studies suggested that it
was not possible to identify the oxygen-rich grains for specimens tested at elevated temperatures,

while stackable small sized structures similar to that for the nitrogen-enriched areas were seldomly
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identified (black arrows in Figures 12, 13). In contrast both phases were identified by TEM after
tests at elevated temperatures. We attempted the flexural tests in a vacuum, nitrogen and argon at
1200 °C, and the testing atmosphere did not affect the macroscopic fracture behavior or changes
in the XRD profiles. Thus, it can be assumed that the phases identified by TEM as nitrogen and
oxygen enriched grains belong to a solution of these atoms in the boron crystal rather than novel
compounds. It is known that the beta boron lattice can form a solid-solution with a number of
metals without altering the B-boron lattice packing. In this case, up to 5 mol.% metal can be
distributed in the lattice, and the volume of the lattice cell increases up to 4 % [74].

For the stochiometric boron suboxide, for instance, the oxygen deficiency for the 6¢ position would
lead to the decrease in volume of the cell, but as already discussed, the presence of non-metal
atoms in the highly ordered boron cell causes the difference in lattice parameters between -boron
and BsOogs (in hexagonal axis: B-B a=10.932 A, ¢=23.823A, BsOoos a=5.390A,
c=12.312 A), but one should keep in mind that the electroneutrality of the crystal should be
preserved. One can presume that the observed B—N or B—O phases can be localized solid-solution
by substitution mechanisms, but in the absence of previous reports predicting [57,58] such a
situation, we are unable to come to justifiable conclusions on this matter.

From a practical point of view, boron ceramics can be proposed as a reinforcement for the
composites with a temperature application below 1200 °C (the estimated Young’s moduli from
linear parts of the loading curves was 410 GPa). This is similar to the well-known application for
the boron as filaments or whiskers [2]. As a stand-alone ceramic boron would react with graphite
during the SPS or boron-carbide testing assembly above 1000 °C, this causes a need for the
development of protection. Note that the elevated temperature strength as well as fracture behavior
for the boron ceramic prepared within the present study is different. Considering the flexural
strength values, the yield strength for the specimen tested at 1000 °C which is above 800 MPa, is
superior to monolithic boron carbides that have a maximum reported strength of ~600 MPa at
elevated temperatures [52,53]. Flexural strength at 1200 °C exceeding 1 GPa was measured, but

above this temperature the plastic deformation was present for all specimens.
Summary

This is a pioneering study that reports the mechanical behavior of bulk polycrystalline boron. The

preparation and mechanical behavior of the bulk boron ceramic were discussed with respect to the
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spark plasma sintering and high-temperature fracture mechanisms. Our results show confirm that
polycrystalline boron is highly reactive ceramic and will react with BN or B4C at temperatures
above 1600 °C. During flexural tests this will result in formation of the outer shell consisting of
B13C. or B1sNo.

Thus the high-temperature performance of monolithic boron can be analyzed up to 1400 °C. With
an increase in the temperature, both the toughness and Young’s moduli showed a gradual decrease.
Flexural strength increased up to 1200 °C (yield strength above 1 GPa) and then decreased to ~600
MPa at 1400 °C. The rapid decrease in strength at 1400 °C could be interpreted as a higher
contribution of plasticity to the fracture process. Furthermore, formation of the pentagonal-shaped
structures was also observed during the fracture analysis. For this reason, relation between the
basal plane (001) and the (012) plane becomes clear at 1200 °C. It was determined that the fracture
above 1200°C follows a quasi-transgranular mechanism, where the sub-grains of boron fracture as
plate-like structures following a combination of low-temperature and high-temperature slip

systems.
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Figure Captions

Figure 1. SEM and X-ray diffraction of the initial boron powder. All phases belong to the #166
(R-3m) space group. The main phase was -B rhombohedral boron with the lattice parameters
(a=10.926 A, ¢ =23.809 A, [24,25]). The minor phase had lattice parameters second phase:
a=4.858 A, c=12.61 A (2.85 vol.%) [23].

Figure 2. High-resolution TEM images of the as-received boron powder indicating that boron is
composed of crystals with a layered aspect (a). SAED pattern in (b) indicates the B-B phase (cif
data from ref [24]). The inset of the (b) shows a diffraction simulation under the kinematical theory
assumption and is in good agreement with the experimental data. Some periodic defects can be
observed both within a single sheet and within a stacking of sheets. (c) shows the HRTEM details
of a sheet as observed along the c-axis.

Figure 3. Isothermal densification of amorphous boron compacts using SPS.

Figure 4. Representative microstructures of boron consolidated using SPS at 1800 °. Samples
were prepared by ion polishing, as regular polishing using diamond slurry caused frequent pull-
out of the 1020 pm clusters.

Figure 5. Flexural strength of boron ceramic: (a) variation in flexural strength of boron and boron
carbide ceramics as a function of grain size [11,34-47]; (b) statistical variation in flexural strength
at room temperature. (c) effect of temperature on the loading curves for bulk b15 ceramics at room
temperature, at 1200 °C, and at 1400 °C.

Figure 6. Young’s modulus of bulk polycrystalline boron as a function of temperature (note that
there is a £20 GPa uncertainly for every mean value). Data of Kuliev [51] for boron carbide is
provided as a visual reference.

Figure 7. Fracture toughness of boron as a function of temperature.

Figure 8. Summary of high-temperature flexure experiments for boron [7], boron carbide
[41,52,53], and boron suboxide [34].

Figure 9. SEM images of b15 ceramics after flexural strength tests at room temperature. White
arrows indicate N-rich grains, while black arrows indicate the presence of the O-rich precipitates.
Based on the TEM observations, the size of the O-rich precipitates is approximately 50-200 nm,
hence the light-gray grains that are larger in size correspond to the O-rich clusters. (¢) shows a
macroscopic zone where the B-matrix fractures in the intergranular manner and transgranular

manner. The fracture type clearly depends on the relation to the force application. The O-rich
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precipitates are visible on both sides. Inset in (c) shows a macroscopic distribution of the large N-
rich clusters and also illustrates the relation between the force application direction and fracture at
room temperature. (d,e) shows a typical XRD pattern observed for the bulk b15 ceramic, and the
blue lines indicate the Bragg position for the main phase using the same initial phase as for the
powder material [24]. (e) highlighted position of peaks for the layered boron structures, while (f)
provides a visual representation of the layered inclusions as seen by XRD. Such layered structures
can be identified using the fracture as the N-rich phase. For these grains, multiple layers were
observed following the flexural strength tests.

Figure 10. TEM images of b15 ceramics after (a) spark plasma consolidation at 1800 °C with 15-
min dwell in argon and (b—d) following flexural strength tests at 1200 °C. Insets in (a, d) shows
selected-area electron pattern of boron phases, identified as B-B (space group #166, using cif data
from [24]). (d) shows local EDX mapping and line profile indicating the presence of the N-rich
and O-rich phases in the crystalline boron matrix. (d) shows a high resolution TEM image of a
portion of an area marked as 1 in (c) in the [242] zone axis. ‘Stacking faults’ are visible here, but
these were also present in the as-consolidated material (see grains in (a)). Inset in (d) visualizes
(001) planes as possible stacking faults when 242 zone axis is used.

Figure 11. Position of B20 atoms with low partial occupancy in the B-boron according to structure
refinement in [59]. (b) highlights the (100) plane for rhombohedral B-boron.

Figure 12. SEM micrographs of boron-15 after flexural tests at ambient temperature (a-d), at
1200 °C, and at 1400 °C (e,f). (a,b) were taken in the area at the ~40° angle to the load application
direction, while (c-f) were taken from the surface perpendicular to the load application direction
(top to bottom). The white arrows in (b,d) show places of quasi-brittle fracture previously reported
for boron suboxide [31,34], and are the result of the fracture along (012) rhombohedral plane. The
black arrow in (f) shows high-temperature plastic (rubberlike) deformation of layered boron grains
(see higher magnification in (h)). (g) shows oversimplified view of (e) underlining the continuous
nature of the matrix (blue (32 vol.%)) and suggesting that 2/3 of the grains fractured alongside the
low-temperature mechanism (see Figure 14(c), while with an increase in temperature to 1400 °C,
this value decreases below 10 vol% as the high-temperature slip-system should be dominant.
Figure 13. SEM images of b15 ceramics after flexural strength tests at 1200 °C. (a) shows an
icosahedron which consists of 20 individual tetrahedral (which is the structure commonly observed

for boron suboxide after high-pressure synthesis); right image illustrates relationship between
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icosahedron and rhombohedral cell. (b) shows the relationship of the rhombohedral cell of B-B and
its hexagonal representation. The green plane selected in the B-B cell is (012) using the hexagonal
indexes; the rhombohedral sapphire experiences conchoidal surfaces when fractured along this
plane [68—71]. (c) Shows the (012) plane for the Figure 12 (b), where the formation of conchoidal
surfaces is highlighted in red. The blue highlights the typical fracture along the prismatic plane
(presumably (100)). Formation of the pentagonal-shaped structures was also seldomly observed
along the icosahedron faces. Inset in (c) provides an oversimplified illustration for the relation
between the basal plane (001) and (012) lamellae form during growth of the rhombohedral crystals.
The black arrows in (c) and (d) indicate the presence of nitrogen-rich phases.

Figure 14. SEM images of b15 ceramics after flexural strength tests at 1200 °C, where the white
arrows shows orientation of boron grains with the respect to the force application direction. Similar
fracture has been reported for boron suboxide below 1000 °C in [34] and after consolidation in
[31]. In principle, if grains consist of layered sub-grains, this fracture mechanism should not be
limited to boron-rich compounds. (b) depicts a nominal fracture mechanism of quasi-transgranular
fracture, as decohesion is assumed to be active for a boron ceramic at elevated temperatures.
Directions for fracture in (a) were determined by OrientationJ (ImageJ), and note that the
conchoidal surfaces usually form along the (012) plane. (c and d) provide a schematic comparison
of two slip systems previously observed by Scheuplein [71]. (c) is typical for low temperature

deformation, while (d) corresponds to the high-temperature slip system.
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Dear Editor of Materialia, Professor Sylvain Deville,

We would like to submit the revised version of the manuscript entitled “Fracture
peculiarities and high-temperature strength of bulk polycrystalline boron” by
Dmytro Demirskyi, Petre Badica, Andrei Kuncser and Oleg Vasylkiv for
publication in Materialia.

First, the authors would like to express our gratitude to you, and reviewers, as the
feedback we received during review process helped us to correct some of the
Issues obtained during our work writing this manuscript.

In the revised manuscript, changes were highlighted using a yellow background
color.

In order to address comments raised by the reviewer we added SEM figure (now
figure 4, and corrected/altered the related discussion.

As suggested, we rewrote the abstract, conclusions, and the introduction of the

manuscript.

The concise replies to the reviewers comments are provided below.

Reviewer #2: | will suggest the authors to include a paragraph where it will be explained in
detail why it is important to conduct such research. In other words, it is necessary to improve
the contextualization of this manuscript.

Finally, the abstract as well as the conclusions of this manuscript should be re-writed in order

to make them understandable.

Thank you, we revised these sections of the manuscript.

Reviewer #3:

1) SEM images are provided for starting powders as well as for fracture surfaces, but no images
are shown for as sintered materials. It would be nice to include one for the reader to see the
grain structure and size, and the authors should have plenty available as they needed them to

determine average grain size.

We introduced the Figure 4 in order to present the typical grain sizes that can be
detected by the SEM. We can provide a histogram for the grain-size measurement

if needed. The SEM presented here is for the boron polished using ion-milling.



2) On the matter of grain size in the as sintered specimens at 1800 °C, authors simply quote a

grain size below 2 um, but inf Fig. 4a, the data point from this paper is at roughly ~0.9 um, so
the authors must have determined this value. Please give the actual grain size, along with its

standard deviation, in the manuscript.

Thank you. We update the manuscript. We show both the average grain size, and

the median value.

3) Judging by the shape of stress-strain curves in Fig. 4c, the linear range is limited and the
slope is thus difficult to determine precisely. This casts some doubts on the elastic moduli
measurements. Authors should give more detail as to how they determined the Young's
moduli. During bending experiments, were displacements measured directly at the sample
using a strain gauge or LVDT or is it simply the travel of the testing machine's crosshead? Was
the compliance from the frame and fixtures taken into account? Please add error bars in Fig. 5
instead of simply quoting the standard deviation in the caption.

Thank you. We updated the figure. We want to add that the Shimazu software
used on the setup instantly correct (accounts) for the thermal expansion of the
frame, fixtures and the crosshead movement, thus the ‘initial’ value we use to
determine the Young’s moduli may contain numerical error c. For simplicity, we
will provide the error obtained between the specimens tested at the same

temperature.

4) Weibull analysis was shown in Figure 4b for the RT tests. Do authors have enough data to

perform similar analysis for the high-temperature strength?



Possible, but results cannot be interpreted correctly because of the number of
points. The example for 1000°C is provided below. Both the m and R? are were
calculated automatically. Authors seen some strange examples of Weibull plots
for 3 or 4 points in the peer-review articles, but from the viewpoint of statistics
we see the lowest number of experiments of at least 12. (For RT here one can see
the 10 points, we used 12 for analysis, as two of the values were identical to the
error of 0.1 MPa.)

If necessary, we can implement such a graph in the manuscript, but we honestly
think that for this case the mean/average value with a deviation is more

appropriate.
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5) In Figure 2 some periodic defects are observed. Are the authors sure that these are actual

defects and not Moiré fringes due to overlapping sheets with different orientations?

We thank reviewer for important observation. The investigated material is
composed out of well crystallized thin sheets, as observed in the HRTEM images.
If two sheets with different orientations overlap, Moire fringes should appear,

indeed.



a) Figure 2 area 1: Provided the uniform mass-thickness contrast, the existence
of overlapping additional B-sheets is unlikely; Hence we observe defects.

b) Regarding the upper left area of Figure 2, there is an obvious overlap of at least
two B sheets. If the overlapping resulted in the generation of Moire Fringes, they
should have been present in the whole overlapping area. Therefore in this area it

Is difficult to decide on the defects presence with high certainty.

6) In the caption of Figure 9, please check the sentence "The 'stacking faults' shown here
correspond to lamellae of twinned ceramic between larger in size two stacking faults.” for
clarity.

Sorry we forgot to delete this sentence: “The ‘stacking faults’ shown here

correspond to lamellae of twinned ceramic between larger in size two stacking

faults”.

7) At the beginning of page 18, please check the meaning of "C was present as the 0.2 carbon
atom in the hexagonal unit cell of f-boron which contains ~320 boron atoms". Do you mean

that there are 0.2 carbon atoms on average in the unit cell, out of 320 possible sites?

Thank you. We corrected this sentence as:

At the same time, the authors of the ref. [59] suggested that the dominant impurity
was carbon (150 ppm). However, the analysis in [59] suggested that 2 carbon
atoms should be present in the 10 hexagonal unit cells of B-boron (each contains

~320 boron atoms).

8) Later in the paragraph we read that "Phases rich in oxygen and nitrogen were clearly
observed by the SEM after the flexural tests at room temperature and by the TEM during
analysis of specimens after the flexural tests at room or at elevated temperatures.” Some TEM

images are included in Figure 9, but please include some SEM images as well.



We modified the sentence as follows: "Phases rich in oxygen and nitrogen were
clearly observed by the TEM during analysis of specimens after the flexural tests
at room and at elevated temperatures."

As for the SEM, we provided our interpretation for these phases in Fig 8 (now
Fig. 9) for the specimens fractured at RT. At higher temperatures, we could not
precisely identify the oxygen-rich phase, as we state later in the draft.

Hopefully the revised copy of this manuscript will look more satisfactory to the

reviewer and to the future reader.

All authors have seen and approved the manuscript for submission to Materialia.
On behalf of authors,
Dmytro Demirskyi
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