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Abstract

In this study, rhenium diboride (ReBz) was obtained by mechanosynthesis at 640 min of milling.
The obtained ReB; was stored at oxygen and moisture ambient environmental conditions in order
to know the chemical stability. The results indicate that ReB; is totally decomposed at oxygen and
moisture ambient environmental conditions. Further, the XRD analysis of ReB, samples after 26
months of storage shows that the final products of degradation are HReO4 (liquid), HsBO3, HBO:
and ReOs. Finally, a schematic diagram of the degradation sequence of ReB; at oxygen and
moisture ambient environmental conditions is proposed and validated with a thermodynamic

analysis.
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1. Introduction

Hard and superhard materials such as nitrides, carbides and borides of transition metals, as well as
cubic boron nitride and diamond have been used in many applications where high hardness,
incompressibility and chemical inertness are priorities.* Rhenium diboride (ReB2) was synthesized
for the first time in 1962, its crystalline structure is hexagonal with a=0.2900 nm and ¢=0.7478
nm, with two ReBz units per unit cell.? Recently, ReB; has been classified as a superhard and
incompressible material because it has hardness (20 to 60 GPa),*® 2 bulk modulus (173 to 371
GPa), *% %11 Young modulus (382-712 GPa)> & 1° and incompressibility along the ¢ axis (00l
planes),* therefore, it has been proposed as material to be used in cutting and grinding tools. As
was mentioned previously, the ReB: has superhard and incompressibility properties, but only two
publications have reported its chemical properties. In 2008, Levine et al.” reported a
thermogravimetric analysis (TGA) of ReB: in dry air showing an exothermic peak at 600 °C due
to the volatilization of rhenium oxide (ReOs). While in 2011, Orlovskaya et al.'® reported the
formation of boric acid (HsBO3) and perrhenic acid (HReO4) after ReB2 powder was exposed to
oxygen and moisture ambient environmental conditions for one year. Therefore, a study about
chemical properties of ReB> should be a priority in order to verify if the ReB; is a candidate
material to be used for cutting, polishing and grinding tools at oxygen and moisture ambient
environmental conditions. Here, we reported the mechanosynthesis of ReB, and its chemical
stability monitored for 26 months of storage at oxygen and moisture ambient environmental
conditions. The stability study of the ReB. sample indicates that it is decomposed at oxygen and
moisture ambient environmental conditions and a schematic diagram of the degradation sequence
is proposed and validated.

2. Experimental procedure
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2.1. Synthesis and characterization of ReB;

A 1:2 molar ratio mixture of rhenium (Sigma-Aldrich, 99.995%) and boron (Sigma-Aldrich, 99%)
was placed in a mortar and mechanically treated with a pestle until a homogeneous powder was
obtained. The mixture was transferred to a WC grinding jar (80 mL volume), using 15 balls of WC
(10 mm in diameter). The grinding jar was placed in a planetary mill (Pulverisette 7, Fritsch,
Germany). The ball milling was carried out at 600 rpm. Cycles of five min of milling and 12 min
of pause were used to minimize the overheating. X-ray diffraction (XRD) patterns were
immediately acquired at 640 and 800 min of milling time to monitor the reaction using a Bruker
D8 Advance diffractometer. The morphology and microstructure were obtained using a scanning
electron microscope (Quanta 200 ESEM, FEI) and a transmission electron microscope (HRTEM
Tecnai F30, FEI).

2.2. Stability analysis of ReB:

8C)! From there, the powder was characterized by thermogravimetric analysis and differential
scanning calorimetry (TGA-DSC) (SETARAM Evolution thermal analyzer, Setsys) from 50 to
1500°C, using a heating rate of 10 °Cmin™ and an Ar flow of 20 mLmin™%. Infrared spectroscopy
(Spectrum One model 59081, Perkin Elmer) and Raman spectroscopy (micro-Raman
spectrometer, Renishaw) with 532 nm laser line. Finally, the powder was stored up to 26 months
at oxygen and moisture ambient environmental conditions and it was analyzed by XRD and SEM

using a scanning electron microscope (Quanta 250, FEI).
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3. Results

3.1. Characterization of ReB>

The reaction was monitored by XRD during the milling process. The formation of ReB, was
observed after 640 min of milling. The XRD patterns of the samples at 640 and 800 min of milling
are shown in Fig. 1. The diffraction patterns obtained after 640 min of milling are in good
agreement with the diffraction pattern of hexagonal ReB, (PDF4+ 00-011-0581). In both
diffractograms (Fig. 1), no diffraction peaks from unreacted rhenium or boron were observed, and
no signals from tungsten carbide from the milling media or another rhenium boride phase (Re7Bs,
ResB) were observed either. Therefore, the ReB, mechanosynthesis methodology used in this
study is faster and more efficient than the one reported by Orlovskaya et al.*

The morphology of the sample after 640 min of milling obtained by SEM is shown in Fig. 2. The
micrographs show clusters of polyhedral particles as the characteristic morphology of ReB:
growth. A magnification from the white frame in Fig. 2a is shown in Fig. 2b where one octahedral-
like micro-particle is observed. In order to establish the chemical nature of the polyhedral particles
an EDS analysis was performed. The EDS spectrum, Fig. 2d, was collected from the white frame
of Fig. 2c. The EDS spectrum indicates that the micro-particles are formed mainly by rhenium;
the sensitivity of EDS is higher for heavy atoms than for light atoms such as boron whose
concentration is generally underestimated or not estimated. Thus, considering the XRD results it
can be concluded that the micro-particles are formed by ReBs. The presence of oxygen (O) in the
EDS spectrum could indicate oxidation on the ReB> surface through the reaction with molecular
oxygen and/or water. The gold (Au) peak is from the coating used to avoid accumulation charge

on the sample.



Low magnification bright field images, obtained by transmission electron microscopy analysis are
shown in Fig. 3. The average particle size of those nanoparticles is smaller than 50 nm,
furthermore, those nanoparticles can be seen as the seeds for the formation of the polyhedral micro-
particles of ReB shown in Fig. 2, and their nanometric size results from depletion of the reagents
in the bowl of reaction. In order to evaluate the crystallinity of the ReB> nanoparticles, HRTEM
was used. HRTEM micrographs, Fig. 4, confirmed that the nanoparticles in Fig. 3 are ReB,. The
interplanar distances and angles are in good agreement with the ReB; crystal structure (PDF4+ 00-
011-0581); some Miller indices are also shown.

3.2. Stability of ReB2 under oxygen and moisture ambient environmental conditions for 2 months
As was mentioned previously, the EDS analysis of polyhedral particles of ReB; in Fig. 2 shows
the presence of oxygen as an indicative of possible ReB; degradation at oxygen and moisture
ambient environmental conditions. In order to verify this statement, an XRD analysis of the ReB;
sample after two months of storage at oxygen and moisture ambient environmental conditions was
carried out. The obtained diffractogram is shown in Fig. 5 and the corresponding stick diagram for
the following phases are shown: H:BO3 (PDF4+ 00-009-0335), ReO3 (H, hexagonal phase; PDF4+
00-040-1155) and ReB> (PDF4+ 00-011-0581). From the XRD pattern it can be seen that the ReB:
obtained from mechanosynthesis is not a stable material at oxygen and moisture ambient
environmental conditions. The formation of ReOz is more evident than H3BOs3 after two months
of storage at oxygen and moisture ambient environmental conditions. In order to obtain more
information about the degradation sequence of ReB; after two months of storage at oxygen and
moisture ambient environmental conditions, TGA- DSC, FTIR and Raman analysis were
performed on the sample. TGA-DSC results are shown in Fig. 6. The thermogram shows a first

stage from 50 °C to 150 °C that is attributed to water evaporation and volatilization of HReO4



(liquid) from the surface of the sample, from 163 °C to 190 °C is attributed to dehydration of boric
acid (HsBO3) to form metaboric acid (HBOz) and from 190 °C to 350 °C is attributed to
dehydration HBO; to form B,03.14%® From 420 °C to 1100 °C due to the decomposition of ReO3
into ReO; and 0,.”131718 The stage from 1130 °C to 1170 °C can be associated to vaporization of
HBO,.*® The last stage of weight loss, from 1280 °C to 1500 °C, is due to the sublimation of ReO,
which has a boiling point of 1363 °C and vaporization of B203.1"1%% The total weight loss of the
residue at 1500 °C was 76.6 % w/w, the major loss of weight is attributed to ReO3z material because
the ReB; is composed of 10.4 % w/w of B and 89.6 % w/w of Re. From the DSC curve (Fig. 6),
three endothermic peaks at low temperature can be seen: water desorption at 110°C, the
dehydration of boric acid to form metaboric acid (HBO-) at 163 °C and dehydration of HBO- to
form B,03 at 194 °C.1*16 Subsequently, a broad exothermic peak was observed at 420 °C; this peak
can be associated to the decomposition of ReOs into ReO, and O2.17 Finally, the last two
endothermic peak can be assigned to vaporization of HBO> and B>O3 at 1150 °C and 1450 °C,
respectively.192

The FTIR and Raman spectra of ReB; stored two months under oxygen and moisture ambient
environmental conditions are shown in Fig.7 and Fig. 8, respectively. The IR spectrum of the
material shows several adsorptions peaks at 547 cm™ (B-O), 793 cm™ (B-0), 1193 cm™ (B-0),
1431 cm? (B-OH), 3312 cm™ (B-OH) and 3406 cm™ (B-OH) which indicate the oxidation and the
degradation of the surface of ReB; particles due to the reaction with O, and moisture.?:% Also,
one absorption peak at 2260 cm™ (B-H) which indicates the reductive properties of ReB;
particles.?>?* The absorption peak at 913 cm™ (Re-O) confirms the oxidative properties of this
material.?>?® A weak absorption peak at 642 cm* (B-B) can be associated with the layered structure

of ReBz.* The Raman spectrum shows peaks at 208 cm™ (lattice oscillation), 500 cm™ (O-B-O)



and 881 cm™! (B-0), all attributed to vibration modes of HsBO3.2” Peaks at 338 cm™®, 928 cm™ and
981 cm* correspond to symmetric and antisymmetric stretching modes of tetrahedral [ReO4]™* ion
and other characteristic modes.??

3.3. Stability of ReB> under oxygen and moisture ambient environmental conditions for 26 months
As shown in Fig. 5, XRD analysis indicates that ReB; is unstable at oxygen and moisture ambient
environmental conditions, which was corroborated by TGA-DSC, FTIR and Raman analysis. In
order to evaluate further degradation the ReB, sample was analyzed by XRD after 26 months of
storage at oxygen and moisture ambient environmental conditions; the diffractogram is shown in
Fig. 9. The diffractogram shows a mixture of different phases such as: H3BOs, ReOs (H,
hexagonal), ReOs (C, cubic phase; PDF4+ 04-004-8088) and HBO, (PDF4+ 00-022-1109). No
reflections from ReB; are observed in the diffractogram. The SEM characterization of the same
sample is shown in Fig. 10. Two different morphologies are observed by SEM analysis: plate-like
micro-particles (Fig. 10a; white arrows) and irregular micro-particles (Fig. 10c). EDS spectrum
from plate-like micro-particles (Fig. 10b) shows characteristic x-ray emission lines for B, O and
Re that could indicate the presence of rhenium oxides, boric acid and metaboric acid. EDS
spectrum from irregular micro-particles (Fig. 10c) shows characteristic x-ray emission lines for O
and Re that could mainly indicate the presence of rhenium oxides. The final products of the ReB:
degradation are HzBO3, HBO2 and ReOs. The TGA analysis of the ReB; sample after 26 months
of storage at oxygen and moisture ambient environmental conditions is shown in Fig. 11. The
thermogram is very similar to the thermogram showed in Fig. 6 can be seen several weight loss
stages can be seen: from 50 °C to 150 °C which is attributed to water evaporation from the surface
of the sample; from 150 °C to 200 °C which is attributed to dehydration of boric acid (H3BO3)

forming metaboric acid (HBO>); from 200 °C to 300 °C which is attributed to the dehydration of



HBO: to form B0z and from 400 °C to 1000 °C due to the decomposition of ReOs into ReO2 and
O>. The total weight loss of the residue at 1000 °C was 68 % w/w. XRD and SEM characterization
of ReB sample after 26 months of synthesis shows complete ReB: degradation at oxygen and

moisture ambient environmental conditions.

4. Discussion

Using the information obtained in sections 3.1-3.3, four equations were proposed to explain ReB>
degradation at oxygen and moisture ambient environmental conditions. Thermodynamic values
for each compound were obtained from the literature.®-3* Thermodynamic analysis indicates that
the equations (1, 2) and (4) are favored at environmental temperature, while the equation (3) is not
favored at these conditions. These results are consistent with the stability analysis in sections 3.2
and 3.3 and revealed why the Re from ReB; is converted into ReOz and HReOg (liquid), while B
is converted into HsBO3; and HBO> at oxygen and moisture ambient environmental conditions.

The formation of HBO: due to the hydration of B,O3 (equation 2) in humid ambient air is a well-

documented process.*" (iGNSKEYEIGHAISCDONCUNCNICOIEUAONIO NGB NIONS O
GG eI e G OIASEHGMNGNENSREDN -rthermore, the ReOs phases are very

stable. Finally, using the information obtained in this section and the 3.1-3.3 sections, a diagram
ReB, degradation under oxygen and moisture ambient environmental conditions is proposed,
which is shown in Fig. 12. As we mentioned in the introduction of this paper, materials with high
hardness, incompressibility and chemical inertness can be used in cutting and grinding tools. The
ReB; has incompressibility behavior, but their superhard® and chemical inertness properties are
under discussion in the scientific community. Conclusions of our paper indicates that ReB is not

a good material to make cutting tool because its degradation at oxygen and moisture ambient



environmental conditions compromises its superhard properties and limit its use in non-oxidative
environment.

ZReBZ(S) + 20 HZO(g) -4 H3BO3(S) + 2 HR€04(1) + 13 HZ(g) AGIQ = —564.1 k]mol_l (1)

RQBZ(S) +3 OZ(g) - R€03(S) + 3203(5) AG]? =—-1674.1 k]mol_l (2)
2 ReOs(5) + 2H,0,5 — 2 HReOyy + Hygy  AGP = +159.4 kjmol ™ 3)
B,03(5) + H,0(gy = 2HBOyy AGP = —251.5 kjmol™" (4)

5. Conclusions

The mechanosynthesis of ReB; after 640 min of milling from rhenium and boron powders is
reported. The stability study of ReB> after 26 months of storage at oxygen and moisture ambient
environmental conditions indicates that the material is completely decomposed in the presence of
Oz and H20O; these results were supported by thermodynamic analysis of the ReB; degradation. A
degradation diagram of ReB; at oxygen and moisture ambient environmental conditions is
proposed. An inert protective atmosphere is recommended for safeguarding the integrity of ReBs.
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Figure 1. XRD patterns of ReB2 obtained at 640 and 800 min of milling. The diffraction
patterns were collected immediately after the milling process. The sticks plot
corresponds to hexagonal ReB2 (PDF4+ No. 00-011-0581).

Figure 2. SEM micrographs of the sample obtained at 640 min of milling. (a) Cluster of
micro-particles, (b) a magnification showing a polyhedral particle, (c) cluster of
micro-particles and (d) EDS spectra from the white frame in (c).

Figure 3. Low magnification TEM micrographs of particles from the sample obtained at 640
min of milling.

Figure 4. HRTEM micrographs of the sample obtained at 640 min of milling. Crystalline
ReB:2 nanoparticles are observed.

Figure 5. XRD pattern of ReB2 after two months of its synthesis. The bars correspond to
each phase observed in the sample.

Figure 6. TGA-DSC analysis of ReB: after two months of storage at oxygen and moisture
ambient environmental conditions.

Figure 7. FTIR spectra of the ReB2 sample after two months of storage at oxygen and
moisture ambient environmental conditions.

Figure 8. Raman Spectrum from the sample of ReB: after two months of storage at oxygen
and moisture ambient environmental conditions.

Figure 9. XRD pattern of ReB: after 26 months of storage at oxygen and moisture ambient
environmental conditions. Several phases in the diffractogram are observed. No

reflections from the starting phase of ReB2 is observed.
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Figure 10. SEM characterization of ReB2 sample after 26 months storage at oxygen and
moisture ambient environmental conditions. (a) and (c) Cluster of micro-particles,
(b) and (d) EDS spectra from white frames in (a) and (c), respectively.
Figure 11. TGA analysis of ReB2 after 26 months of storage under oxygen and moisture
ambient environmental conditions.
Figure 12. Schematic diagram of the proposed degradation sequence of ReB2 at oxygen and

moisture ambient environmental conditions.
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