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This study investigates the thermal decomposition of BP into B;2P2, with a particular focus on the heterogeneous
solid-gas mechanism involving BP powders synthesized via self-propagating high temperature reactions. Various
techniques, including XRD, TGA, SEM, TEM, EELS and SAED, were combined to examine morphological and
structural changes at different temperatures. The results reveal an ignition temperature for decomposition at
1120 °C, beyond which BP grains undergo fragmentation into smaller particles, accompanied by the release of
phosphorous gases (Pa(g), P4(g)). Additionally, Rietveld refinements on thermally treated powders facilitated the
determination of advancement rate values of the decomposition reaction under different isothermal conditions.
Based on these kinetic data obtained at 1300 °C, a one-process nucleation-growth model with instantaneous
nucleation and anisotropic growth has be established. In particular, the law, which describes the process for a
spherical grain with inward development and a reaction occurring at the internal interface as the step deter-
mining the rate, displayed a strong correlation coefficient, offering novel insights into the kinetic evolution of the
BP to B1,P5 conversion. These results contribute to a deeper understanding of the thermal decomposition process
and its underlying elementary mechanisms.

1. Introduction The literature highlights several potential applications for BP,

particularly in semiconductor devices, including its use as an anode

Boron phosphide (BP) and boron sub-phosphide (B12P2) are semi-
conductors belonging to the III-V group having a wide indirect band gap
(BP ~ 2.1 eV [1-4], B12P5 ~ 3.3 eV [5]), with exceptional properties
such as high thermal conductivity (> 400 W.m™'.K~! at room temper-
ature) [6-9], and remarkable mechanical properties including high
hardness (BP: Hv ~ 30-38 GPa [1,10-12], B1oP5: Hv ~ 35-37 GPa [10,
12-141), Young’s modulus (> 360 GPa), bulk modulus (> 170 GPa),
shear modulus (> 150 GPa) and a very low density (BP: 2.9 g.cm’3,
B12P2: 2.5 g.cm’3) [10]. Due to their outstanding features, these mate-
rials are considered as excellent candidates for various structural ap-
plications. Despite the growing interest in the potential applications of
BP and B1Py, there has been limited research into their properties and
characterizations.
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material for alkali metal-based batteries [15] or as a layer for LEDs and
laser diodes [16]. Despite its unique properties, BP has not gained
widespread industrial use. Historically, one of the main challenges in
studying BP was its difficult synthesis due to its high melting point
[17-19], the release of gaseous phosphorus and decomposition at high
temperatures [1,20-24]. Consequently, BP synthesis was complex,
costly and had a low yield.

Recently, there has been a renewed interest in BP, particularly in the
measurement of thermal conductivity on single crystals [1,8,9], and
research on p- or n-type BP samples [25-29]. Additionally, the deploy-
ment over the last few decades of original methods for boron phos-
phides, such as Self-propagating High-temperature Synthesis (SHS) and
mechanochemistry [13,30-33], has enabled the production of BP
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powders in large quantities, even on an industrial scale. Whether
through SHS or mechanochemistry, the final product consistently con-
tains a primary BP phase with a content exceeding 97 %, alongside a
secondary phase of B12P2 [32,33].

Concerning the crystallographic structure, BP exhibits a zinc blende
structure with a F43m space group and a lattice parameter a = 4.538 A
[34]. Boron atoms occupy half of the tetrahedral sites. The zinc blende
structure, or sphalerite structure, is commonly found in III-V semi-
conductors such as cubic boron nitride, cubic boron arsenide or gallium
phosphide. B1,P5 has a rhombohedral crystal structure with a R3m space
group and lattice parameters a = 5.985 A and ¢ = 11.842 A [23,35]. The
structure consists of By, icosahedra linked together by P-P lateral chains
to form a three-dimensional framework.

Following the discovery of BP in 1891 by Moissan [36,37] and
Besson [38], the first synthesized BP powder was subjected to temper-
atures exceeding 1000 °C in a hydrogen-reducing atmosphere [36,37,
39]. After several hours of exposure, thermal decomposition occurred,
leading to a less phosphorus-rich state with a proportionate release of
phosphorus gas. This new phase demonstrated greater thermal stability.
Since the thermal decomposition of BP is not complete, the product
appears to be composed of a mixture of the two phosphides.

To identify the less phosphorus-rich compound Williams et al. in
1959 heated BP powder above 1100 °C under a reduced pressure of
<150 Pa, leading to a light grey residue [21]. Through thermogravi-
metric analyses and chemical methods, this phase was identified as
B15P,. It was proposed that BP decomposes into B15P5 with the release of
Pa(g).In 1963, Perret et al. estimated the decomposition temperature to
be around 1180 °C at normal pressure (1 atm) by conducting heat
treatments at different temperatures and analysing the composition
through chemical analysis [20]. After a 1-hour heat treatment at 1180 °C
and 1250 °C, a mixture of BP and B1,P5 phases were obtained. At 1500
°C and higher, the decomposition was complete after 1 hour, yielding
only B15Ps. Several studies have reported that the thermal decomposi-
tion of BP into the B;2P; phase occurs around 1150 °C in a reducing
atmosphere or under vacuum [1,20-22,24,40]. To clearly establish the
decomposition reaction, Alikhanyan et al. conducted a mass spectro-
metric investigation of the vaporization of BP in 1975 [22]. They
identified the volatile phosphorus species during decomposition as P4g)
and Pa(g) and proposed several hypotheses for the decomposition of BP.

Although experimental data are currently available in the literature
concerning the decomposition temperature, the nature of phase formed,
the associated mechanism decomposition remain poorly understood,
particularly with respect to (micro)structural evolution. While it is
known that temperature affects the BP decomposition, the kinetics of
this process have not been thoroughly investigated.

This gap in understanding is particularly significant given the
excellent mechanical properties and the increasing production of BP and
B12P» through SHS or mechanochemistry.

Such an understanding of the mechanism underlying the thermal
decomposition of the BP phase could have a positive impact in the
synthesis and sintering ability of BP or B1,P5 micro- or nanopowders. In
particular, the determination of the thermal decomposition kinetics and
knowledge of the limiting step are crucial in order to identify the
appropriate experimental conditions for the synthesis (by high-energy
ball milling or by SHS route) of pure, fine, regularly shaped or even
equiaxed BP or B;5P;> powders. If B1oP2 nanopowders are to be synthe-
sized, the early stages of crystal nucleation and growth need to be
thoroughly investigated to avoid exaggerated growth and coalescence of
these particles.

Finally, it is well known in the literature that gas release during
sintering can induce the formation of residual porosities in more or less
large volume fraction. Thus, the partial thermal decomposition of the BP
phase during sintering can induce the formation of residual porosities
that may be difficult to remove, as well as possible expansion of the
specimens.
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A good understanding of the reaction mechanism involved in the
thermal destabilization of boron phosphide (BP) is a major issue to
control the characteristics of the obtained B1,P powders, mainly their
grainsize and chemical composition. A rigorous control of the mesh
parameters is mandatory for subsequent study of the elementary pro-
cesses arising during further sintering, shaping or other ceramic
processing.

This works reconsiders the reaction mechanism involved in the
thermal destabilization of boron phosphide (BP) by coupling TEM,
electron microdiffraction, EELS analyses of powders taken at various
advancement steps of the thermal decomposition. This structural
approach allows to discuss the mechanisms by which the products are
destabilized to identify the nucleation and growth mechanisms involved
in the B3P, formation.

2. Materials and methods
2.1. Characterisation methods

To identify the crystalline phases, X-ray diffraction analyses of raw
powders have been performed using a Bruker D8 Advance A25 diffrac-
tometer with a Cu Ky 2 source (\CuKy; = 1.5406 10\, ACugq2 = 1.54439
A). A linear XE-T detector is used to avoid the use of a Kp Ni filter. The
diffractometer involves a Bragg-Brentano 6-0 geometry and the diver-
gence slit is fixed over a 20-90° angular range. The time per step and the
step size were fixed at 0.7 s and 0.014° respectively. BP and B;,P, XRD
data should be retrieved in the Powder Diffraction File™ (PDF®) with
the following corresponding references: PDF: 011-0119 for BP and PDF:
048-1166 for BjsP5. The morphological features of particles were
studied using Scanning Electron Microscopy (SEM) (Quanta 450 FEG,
FEI) and Transmission Electron Microscopy (TEM) (JEM-2100F, JEOL).
TEM was used to obtain Selected-Area Electron Diffraction (SAED)
patterns for crystal structure identification. Chemical information was
obtained by high angle annular dark field — scanning transmission
electron microscopy (HAADF-STEM) imaging and electron energy loss
spectroscopy (EELS), using a 0.13 nm spot size. The acquisitions were
carried out with a JEOL JEM-ARM200F Cold FEG transmission electron
microscope operating at 200 kV, equipped with a double spherical ab-
erration corrector and fitted with a Gatan GIF (Gatan Imaging Filter).
EELS data, spectrum-imaging and punctual analyses, were acquired with
a dispersion of 0.1eV/channel and in DUAL-EELS mode in order to
realign the spectra based on the zero-loss peak, to subtract the back-
ground and to remove plural scattering effects a posteriori. EELS refer-
ence spectra were collected using well-crystallized grains of BP
(Figure S1) and B;,P;, (Figure S2). Sample preparation consisted of ho-
mogeneously dispersing fine sample powder in ethanol, then depositing
one droplet of this suspension onto a TEM amorphous holey carbon-
coated copper grid and left to dry. Thermogravimetric analyses (TGA)
under flowing argon, with a heating rate of 20 °C/min were carried out
using a STA 449 F3 apparatus from Netzsch, Germany, to investigate the
thermal stability and identify the temperature decomposition of the BP
phase. The apparatus was equipped with an Al;O3 TGA-DTA sensor
including type S Pt-PtRh10 % thermocouples, Al,O3 crucibles and a SiC
furnace.

2.2. Synthesis methods and thermal treatments

BP powders were only produced by Self-propagating High temper-
ature Synthesis (SHS) based on the reduction of BPO4 amorphous boron
phosphate (produced by the method described in [41]) with magnesium
metal (Eq (1)) and was described by Mukhanov et al. [30]. The overall
equation followed during this synthesis is given below:

BPO, + 4Mg—BP + 4MgO e8]

This powder was characterised by X-ray diffraction and showed
almost a single phase (Fig. 1). During the synthesis, the local
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Fig. 1. X-ray diffraction (XRD) pattern of the initial BP powder produced by
SHS and its Rietveld refinement.

temperature can reach the temperature of the decomposition of BP at
which occurs the formation of the B1,P5 secondary phase [30].

Thermal treatments on SHS-synthesised BP powder were performed
with a Nabertherm VHT 8/22-GR graphite furnace under dynamic
vacuum. A heating rate of 10 °C/min was applied followed by a defined
dwell time. The holding temperature ranged between 1100 °C and 1300
°C in order to determine the thermal stability range.

2.3. Rietveld refinement: description of the fractional conversion

In order to follow the reaction advancement of the decomposition, a
fractional conversion of the decomposition (a) was proposed (Eq (2)),
considering the weight loss of the BP phase after a thermal treatment:

a= ng _0 WtBP 2)
Wgp

To determine the weight loss, Rietveld refinements were applied to
the XRD patterns using the Fullprof software to calculate the mass
fraction of BP and B;5P» phases, respectively. In the Eq. (2), w}, is the
mass fraction of the BP obtained after thermal treatment and w3, is the
mass fraction of BP before thermal treatment, thus corresponding to the
mass fraction of BP in the initial powder. Rietveld refinement was per-

formed on the initial BP powder leading to wj, = 96% (see Fig. 1).

3. Experimental results

3.1. Morphological and structural characterizations of the starting BP
powder

To analyse the size and morphology of the starting BP powder, TEM
and SEM techniques were combined. On the basis of SAED, TEM and
SEM images, two sets of boron phosphide (BP) particles can be distin-
guished: i) the first group showed faceted grains ranging in size from 100
nm to 1 pmy; ii) the second group consisted of grains sized between 10
and 50 nm (Fig. 2). Through SEM image analysis, the average grain size
was estimated to be 306 nm from measurements of 350 grains.

The TEM images in Fig. 3 illustrate the appearance of B;3P5 grains on
the surface of BP grains. This presence can be attributed to the decom-
position of BP resulting from high local temperatures during SHS syn-
thesis. Since it is impossible to observe continuity of the crystal lattice
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200 nm

Fig. 2. Scanning electron microscopy (a) and transmission electron microscopy
(b) images of the initial boron phosphide (BP) powder synthesised by SHS.

and, therefore, simple relationships between the main crystallographic
axes of the original phase (BP) and the produced phase (B12P5), it can be
deduced that there is no topotactic relationship between them.

3.2. Thermal treatment

3.2.1. Identification of the decomposition temperature by TGA/DTA

To determine the decomposition temperature of BP into Bi3Ps, a
thermogravimetric analysis was conducted using TGA/DTA up to 1500
°C (Fig. 4). At lower temperatures, around 620 °C, a minor weight loss of
approximately 1.3 % was observed, likely attributed to the dissociation
of surface-adsorbed gases [1]. At higher temperatures, a more substan-
tial weight loss of approximately 50 % was identified. This weight loss
can be interpreted as the thermal decomposition of the BP phase into
B1oP, associated with a phosphate gas outflow which initiated at
approximately 1120 °C. Nevertheless, the gas produced during this
latter reaction notably damaged the device, particularly the platinum
thermocouple.

3.2.2. Study of the early stages of the thermal decomposition

Structural and morphological analyses were performed on BP pow-
ders subjected to a 1-hour thermal treatment, aiming to investigate the
early stages of decomposition. Following treatment at 1100 °C for 1
hour, no significant change in fractional conversion was observed,
indicating that decomposition had not yet initiated. However, the XRD
patterns in Fig. 5 revealed the emergence of the B15P, phase for tem-
peratures exceeding 1150 °C. In the temperature range of 1150-1250
°C, SEM and TEM images (Fig. 6) depicted various morphological
transformations in the initially faceted BP grains.
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Fig. 4. TGA analysis of a SHS-synthesised BP powder.

Under 1100 °C, no morphological changes have been observed
(Figure S3). These faceted grains were identified as BP crystallites
through the indexation of the SAED pattern of the grain surface (Fig. 6¢).
When the temperature exceeded the decomposition threshold (>1120
°C), a 1-hour heat treatment at 1150 °C initiated the fragmentation of
faceted grains into smaller ones. Upon deeper examination of SEM im-
ages depicting the powder subjected to 1150 °C (Fig. 6d), it became
apparent that not all grains displayed fragmented surfaces. Furthermore,
these grains retained their original shape, as observed in the initial
powder (Fig. 6a and Fig. 6b). Additionally, cavities were observed on the
surface of the grains, favoured at higher temperature, for example at
1200 °C (Fig. 6f). It is likely that these cavities result from the formation
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Fig. 5. X-ray diffraction (XRD) patterns of the initial BP powder compared to
those subjected to different thermal treatments during 1 h, with a log intensity
scale to reveal the secondary phases.

of volatile products, in particular from the release of phosphorus gas.
The origin of these cavities will be further explained in the discussion
section.

Therefore, this fragmentation phenomenon favors the emergence of
additional small grains, which would ulimatively lead to a reduction in
the average grain size. This can be observed when comparing the
morphology of the grains in Fig. 6b with those in Fig. 6h. However, it is
difficult to deduce from the SEM images alone which phase, between BP
or B1,Py, is associated with each grain. To clearly identify the formation
of BjsPy, phase identification was performed using SAED patterns
alongside the TEM images in Fig. 6a, c, e, and g.
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Fig. 6. TEM images on the left and SEM images on the right of BP powders subjected to different thermal treatments. SAED patterns were obtained from the red areas
in the images. (a) and (b) Initial powder, (c) and (d) 1150 °C for 1 hour, (e) and (f) 1200 °C for 1 hour, (g) and (h) 1250 °C for 1 hour.

When the temperature was raised to 1200 °C (with a 1-hour dwell
time), fragmentation extended across the entire surface. Additionally,
the SAED pattern in Fig. 6e confirmed the presence of both BP and B;,P»
phases. In contrast to the powder treated with a 1-hour dwell time at
1150 °C, the heat treatment at 1200 °C resulted in the fragmentation of
nearly all faceted grains, as illustrated in Fig. 6f. Considering that locally
and simultaneously the grains of the BP phase undergo a fragmentation
phenomenon and that the crystallites of the BjsPy product phase’s
germination and growth, distinguishing between them becomes chal-
lenging, even with TEM techniques.

To differentiate these phases, EELS spectroscopy coupled with
HAADF-STEM imaging were performed on the surface of a region of

grains undergoing fragmentation, as shown in Fig. 7. This combined
technique allowed for a precise examination of atomic composition
gradients on the surface of BP grains during decomposition. In the
mapped region (Fig. 7a and b), three elements were identified: carbon
(C-K edge at 282.5 eV), boron (B-K edge at 188 eV), and phosphorus (P-
Ly 3 edge at 129 eV). The presence of carbon could be explained by
minor contamination from the graphite. Topographically, the mapped
area exhibits variations in relief, including cavities and thinner regions.
The elemental mapping in Fig. 7b shows that the boron content remains
constant, except in areas devoid of material, while the phosphorus
concentration varies across the region. In one of the thinner regions,
marked as Point 1, phosphorus is sparsely present. The EELS spectrum at
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Fig. 7. (a) HAADF-STEM image of a fragmented BP grain after 4 hour at 1200 °C; (b) STEM-EELS elemental mapping (at %) of boron (K edge), phosphorus (L 3
edge), and carbon (K edge) for the same grain; (c) EELS spectrum at Point 1, and (d) EELS spectrum at Point 2.

Point 1 (Fig. 7c) estimates the atomic percentage of phosphorus at 12 + spectrum in Fig. 7d estimating the atomic percentage of phosphorus at
3 at%, with boron at 82 + 3 at%, which broadly corresponds to the 42 + 3 at%, and boron at 58 + 3 at%, indicating a composition slightly
composition of B1oP5 (14.3 at% P - 85.7 at% B). Near this area, at Point different from BP. By decomposing the spectra by MLLS (Multiple Linear
2, a higher concentration of phosphorus is observed, with the EELS Least Squares) fitting routine (methodology proposed in Supplementary
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Information) using the reference spectra acquired for BP and BjsPs
(Figures S1 and S2), small amounts of BP in the spectrum of point 1 and
of B15P5 in the spectrum of point 2 are highlighted, explaining the small
deviation found compared to the stoichiometric composition. An
elemental composition gradient is thus clearly visible in this region,
where the precipitation of the B;sP5 phase appears to occur near a
phosphorus-deficient, potentially sub-stoichiometric BP phase. At 1250
°C, with a 1-hour dwell time, isolated polycrystalline grains of B;sPs
were observed and identified in Fig. 6g. The thermally treated powders
exhibited a trend of decreasing grain size, starting at 1150 °C and
accelerating with increasing temperature until all the faceted grains
were fragmented. This trend was further supported by SEM and TEM
observations, which showed a decrease in the number of faceted grains

Acta Materialia 283 (2025) 120495
in favor of fragmented grains.

3.2.3. The approach of nucleation-growth of Bi2P» crystallites

To gain a deeper understanding of the nucleation-growth process,
TEM observations and SAED acquisitions were conducted on the surface
of fragmented BP grains. In Fig. 8a and b, HAADF-STEM image and EELS
spectrum-imaging acquisitions are presented showing the surface of an
ongoing fragmented grain from a powder treated at 1200 °C during 1 h
The phase mapping presented in Fig. 8b was obtained by decomposing
the spectrum imaging acquired by MLLS (Multiple Linear Least Squares)
fitting routine using the reference spectra (Figures S1, S2 and S4),
showing the presence of 4 phases including BP, B;5P3, carbon and
hexagonal BN. The hexagonal BN observed results from minor cross-

Fig. 8. TEM images, SAED patterns, HAADF-STEM images, and STEM-EELS mapping illustrating nucleation and growth stages: (a) and (b), Fragmented BP grains
after 1 hour at 1200 °C; (c) TEM image of another BP grain treated under the same conditions; (d) and (e) B1,P, grains observed after 4 h at 1250 °C with (e) showing
a specific zone outlined in orange in (d). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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contamination in the furnace, where a few layers may have been
deposited on the outermost surface. However, these filaments appear to
be limited to the extreme surface and do not interfere with the phases
under study. The B1,P; phase appears to be homogeneously distributed
across the entire surface. The BP phase, on the other hand, has been
identified in the thicker regions and coexists with the B15P5 phase. This
analysis indicates that the nucleation/growth of the B;,P5 phase occurs
uniformly on the grain surfaces and progresses towards the thicker re-
gions corresponding to BP. The separation of the two phases is located at
the interface where the reaction occurs, which is characteristic of the
onset of the growth phenomenon. Examining a different grain from the
same sample (1200 °C - 1 h) in Fig. 8c, the thicker areas correspond to
the BP phase, while the thinner, fragmented zones reveal the presence of
both BP and B;2P; phases. By examining the fragmented zone, cavities
can be observed throughout the area, probably due to the release of
phosphorus gas in the form of Pa(g) or P4(g).

To assist the formation and the growth of the B;,P, phase, heat
treatments with longer dwell times were performed. By heat-treating the
BP powder at 1250 °C for a 4-hour dwell time, the nucleation-growth of
B1oP; was favoured, resulting in a fractional conversion a = 0.45 (Fig. 8d
and e). Fig. 8d shows an overview of a group of grains whose outline
suggests the initial shape of a BP grain. Upon examining a more specific
area (Fig. 8d), it is observed that this grain has been entirely divided into
a multitude of smaller grains. A SAED pattern taken at the edge revealed
that the observed grains, ranging in size from 20 to 50 nm, are exclu-
sively B12P2. No trace of BP was detected, suggesting that the BP matrix
has been completely consumed during the growth of B;,P5. However,
even though the BP matrix is not detectable, the B12P; grains remain
agglomerated, forming dense clusters of small crystallites.

The high concentration of grains with similar and small dimensions
(<100 nm) may promote the phenomenon of coalescence. Heat-treating
the BP powder at 1300 °C for 4 h has revealed B;5P5 grains at various
stages of coalescence / exaggerated growth. The grains shown in Fig. 9a
exhibit a spherical shape and are interconnected by bridges, indicative
of the coalescence phenomenon. As these grains grow larger, exagger-
ated growth can occur, leading to the formation of even larger grains, as
seen in Fig. Ob, where they reach approximately 500 nm. Initially, B;oP2
crystallites start at around 30 nm and grow to about 500 nm. During this
step of coalescence / exaggerated growth, the crystallites tend to tran-
sition from a spherical to a more elongated shape, and align along
preferred crystallographic directions, as illustrated Fig. 9b.

4. Discussion
4.1. Phosphorus-based gas phase

According to previous studies, BP undergoes thermal decomposition
into B15P5 at around 1150 °C under inert atmosphere [1]. In the present
study, from TGA experiments, the temperature of thermal decomposi-
tion was determined close to 1120 °C. At this temperature, the
appearance of cavities at the surface of BP particles can be related to the
first stages of its thermal decomposition. Fig. 3 does not show any top-
otactic transition between BP and B;2P,. Consequently, it is likely that
the decomposition of BP phases is a gas-assisted mechanism. From a
stoichiometric point of view there is a phosphorus deficiency between
BP and B15Ps. This deficiency during thermal decomposition could be
due to the release of an allotropic form of phosphorus. Phosphorus exists
in various allotropic forms, all of which melt to produce a liquid phase of
tetraphosphorus (P4(), which evaporates to a P4 gas phase at ~ 300
°C [42]. In addition, when the temperature exceeds 825 °C, P4 de-
composes into Py [42-44] as follows:

Pyig = 2Py 3

In the thermal decomposition of BP at temperatures exceeding 825
°C, phosphorus can be released in the gas phase as P4 and/or Py,
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Fig. 9. TEM images and SAED patterns showing coalescence and exaggerated
growth of By,P5 grains: (a) ByoP, crystallites formed after 4 h at 1300 °C; and
(b) a well-crystallized B,,P, single crystal obtained after 4 h at 1300 °C.

depending on the temperature. Thus, Alikhanyan et al. [22] analysed the
gas phase by mass spectrometry during the decomposition of BP to B12P»
at a temperature of 1136 °C. Mass spectra showed the presence of ions
P*, P;, P; and Pjalong with traces of B*, BO", BO; and B,O;. The
dissociative ionisation of the P4 molecules was found to be responsible
for the intensities of the mass spectra of P* and P3. From these results,
the same authors suggested that the first reactions of the decomposition
involved the formation of various phosphorus-based gaseous phases
such as Pg), P2(g) and P4(g). The corresponding reactions (Egs (4), (5) and
(6)) are reported below:

6 1
gBP = EBuPz + P @
12 1
EBP = gBIZPZ +P2(g) 5)
24 2
?BP = gBmPZ + Py 6)

According to Greenwood et al. [42], Pg) can be obtained by disso-
ciation of Po(g) for temperatures higher than 1700 °C, so well above 1120
°C. Moreover, given that P4 is unstable at high temperature and as the
experiments were carried out in under vacuum, chemical equilibrium
cannot be assumed. Consequently, the decomposition reaction for tem-
peratures higher than 1120 °C could be described in terms of two suc-
cessive stages, with the second stage of dissociation of the Py
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molecules acting as the rate limiting reaction:

24 2
—BP = §B12P2 + Pyg

5 @)

Py —2Py

4.2. A decomposition mechanism proposal

In Section 3.2.2, the experimental observations showed fragmenta-
tion of BP grains starting at 1150 °C on the surface and then throughout
the grain at higher temperatures. This fragmentation phenomenon and
the subsequent appearance of cavities could result from the internal
stresses generated by the sudden release of the phosphorus-rich gas
phase (P2 and P4) within a highly confined granular medium. This
fragmentation phenomenon could also be due to the difference in molar
volume between the reactant phase (BP) and the product phase (B12P52).
In fact, the Pilling-Bedworth ratio (PBR) [45,46], calculated from Eq5
and corresponding to the ratio of the BjoP2 molar volume to the BP
molar volume, is <1 (PBRpp =~ 0.44), which means the B;5P film will
most likely to break off. Considering the phosphorus concentration
gradient in the fragmented area, as previously observed in Fig. 7b, these
cavities appear to be preferential sites for the formation of Frenkel de-
fects involving phosphorus vacancies. In an environment with internal
stresses and phosphorous release, a change of crystalline structure could
be induced from cubic (FZSm) to rhombohedral (R3m), which favours
the growth of BjPy. Thus, all BjsP nuclei seem to form at the early
stages of surface degradation, where the accumulation of defects leads to
the rapid precipitation of the new phase homogeneously on the surface.
The accumulation of B13P nuclei at the grain edges begins to form a
sufficiently thick layer to initiate the growth stage which gradually
moves towards the inside of the grain. Consequently, the fully frag-
mented grain shown in Fig. 6e likely represents an advanced stage of
growth, where the BP matrix is covered by a layer of B;5Ps.

This newly formed layer, originating from the fragmented state,
exhibits a certain porosity that allows for the continuous diffusion of
phosphorus from the internal interface. As decomposition progresses,
the internal interface gradually shifts inward the core of the BP grain.
Given that fragmentation is observed across the entire surface, the
growth mode is best described as anisotropic. In this scenario, illustrated
in Fig. 10, only the radial component of the growth velocity is consid-
ered, with the tangential components assumed to be infinitely large. This
suggests that the initial phase is rapidly covered by the new phase, with
growth occurring exclusively in the radial direction.

As the growth stage concludes, or as the forming B1,P grains draw
closer together, a coalescence stage may ensue, resulting in the forma-
tion of larger grains. This coalescence can be followed by a crystal-
lisation phase, likely driven by the surface or bulk diffusion of smaller

BP

Initial stage
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grains towards larger ones. This latter is favoured for long dwell times
and/or high temperatures resulting an exaggerated growth with a
preferential growth direction as seen in Fig. 9b.

In brief, the main stages of the thermal decomposition could be
described as follows:

i. Release of phosphorus gas phase on the surface of BP grains from
1120 °G;

ii. Fragmentation of the BP grains under the effect of the stresses
correlated to both the gas release and the crystallographic change
from F43m to R3m;

iii. Growth of B12P2 nuclei on the surface of fragmented BP grains;

iv. Nucleation/growth and coalescence of the B;5P5 grains;

v. Exaggerated growth of single crystals according to a preferential
growth direction.

4.3. Kinetical modelling of the BP thermal decomposition

4.3.1. Decomposition kinetics
The determination of decomposition kinetics from the fractional
conversion of heat-treated powders involved maintaining isotherms and
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Fig. 11. Fractional conversion obtained from heat-treated powder at different
isotherms. Error bars correspond to a 95 % confidence level provided from
Rietveld refinement.

Anisotropic growth of the B,,P, phase controlled by
the movement of the internal interface

Fig. 10. Illustration of the anisotropic growth of B;5P5.



Y. Tahan et al.

varying the dwell time. Three isotherms were obtained at temperatures
of 1150 °C, 1200 °C, and 1300 °C (Fig. 11). In the case of the 1150 °C
isotherm, the temperature was too close to the decomposition temper-
ature, limiting the decomposition kinetics. In contrast, the 1200 °C
isotherm exhibited a fractional conversion of up to 0.45 with longer
treatments (10 h). At the 1300 °C isotherm, a dwell time of >8 h resulted
in complete decomposition.

4.3.2. Nucleation-growth modelling

A model of nucleation-growth, based on the decomposition mecha-
nism, has been established during the present study. Assuming that the
BP phase went through a phosphorous loss, it caused an abrupt modi-
fication in the crystallographic structure, leading to an increase in va-
cancy defects due to the departure of phosphorous atoms. The
occurrence of vacancies in the crystal lattice due to this phenomenon
can lead to phase instability, ultimately resulting in a phase change to
B1oP,. Simultaneously, the release of gas increases internal stresses,
facilitating the rapid formation of the new phase. Consequently, in this
decomposition case, it can be inferred that nucleation of the B15P5 phase
proceeded instantly.

In this context, the thermal decomposition of BP phase can be
described by a one-process model with instantaneous nucleation and
slow growth [47]. To determine the appropriate kinetic model, certain
assumptions can be made based on microstructural observations. Firstly,
considering the thermal decomposition involved in the phase trans-
formation, it can be assumed that the development of the phase occurred
inwardly. Another assumption aims to identify the limiting reaction step
during growth, which could involve diffusion, internal interface reac-
tion, or external interface reaction. In the case of the BP thermal
decomposition, the particles exhibited initially a sub-micrometric size
but were fragmented into smaller, nano-sized particles. Thus, it is
plausible to assume that prior to the nucleation of the BisPs phase,
phosphorus diffusion may have taken place when Pag) was released. As
a result, diffusion does not appear to be the rate-limiting step of the
reaction. Instead, interfacial reactions seem to play a limiting process.
Therefore, under the assumptions that a thin film of B;3P, rapidly
formed at the surface of BP crystallites and the nucleation of the B;5P5
phase remains homogeneous, it is reasonable to consider the growth
process as anisotropic growth.

From similar assumptions (i.e. instantaneous nucleation, anisotropic
growth), different kinetic laws have been established in the literature to
describe the advancement rate as a function of the reaction time under
isothermal conditions (see Table 1).

To determine the appropriate kinetic law, the fractional conversion
a(t) values obtained at the 1300 °C isotherm have been compared with
the theoretical expressions (Table 1). In these latter, the initial step in-
volves the appearance of the first nuclei of the produced phase. These
nuclei were identified during the initial fragmentation of BP, at a stage
when the BP grains retained their original shape (Fig. 8a). Thus, the

Table 1

Expression of a(t) for one-process models with instantaneous nucleation and
anisotropic growth [47], ¢: Areic reactivity of growth (mol.s’l.m’z); Vm: Molar
volume (mz.mol’l); lp: Constant length (m); ro: Initial radius of a particle (m); t:
Time (s).

Limiting reaction Spherical particle Cylindrical particle

step n=3) n=2)
Internal interface a=1- 2
(Rn) Vi(BP) \* a=1- (“‘D@f)
n
(1 - <I>"‘7t) 0
o
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value of ro was fixed at 153 nm, corresponding to the average grain
radius of the initial BP powder.

Considering the non-linear nature of a(t) (Fig. 11) and assuming
either an external interface reaction (S3 or Sy) or diffusion (D3 or D5) as
the determining step, it became evident that the expressions of a(t)
provided by the Ss, Sy, D3, and D5 laws did not align with the experi-
mental data. Regarding Rs and Ry, which assume an internal interface
reaction as the limiting step, a Levenberg-Marquardt algorithm was
applied to optimize ¢ and fit it to the experimental data (Fig. 12).

By comparing the coefficient of correlation (%), the Ry law assuming
cylindrical particles was found to fit better, with an r* equal to 0.992
compare to 0.984 for the R3 law. This conclusion is supported by TEM
observations, which indicated that during the growth of B;sPs, the
particles exhibited a preferred crystallographic orientation which can be
assimilated as cylindrical (Fig. 9b). Consequently, the assumption of
decomposition being governed by instantaneous nucleation and aniso-
tropic growth appears to align with the experimental data.

The fitting model seems to validate the decomposition mechanism
illustrated in Fig. 10, where the anisotropic growth of the B;,P; phase is
controlled by the movement of the internal interface, and the particle
shape can be assimilated to a cylinder. Thus, under these conditions, it is
suggested that the thermal decomposition is primarily governed by the
growth process of B1oPo.

5. Conclusions

This study focused on investigating the thermal decomposition of BP
into B;5P9, with a specific emphasis on the heterogenous solid-gas pro-
cess using BP powder synthesized via SHS. The combination of struc-
tural and microstructural analysis techniques has provided relevant
insights into the transformation mechanism of the BP phase into B;5P». It
was shown that thermal decomposition of the BP phase starts at 1120 °C.
Beyond this critical temperature, several thermal treatments were
applied to the powder, revealing the fragmentation of BP grains into
smaller particles, accompanied by the release of phosphorous gases (P
(g)» Pacg)). A proposed decomposition mechanism described the phase
transition from cubic BP to rhombohedral B;3P;. The process begins
with the fragmentation of BP grains caused by gas release and an
environment with internal stresses, which leads to phase instability due
to gaseous phosphorus release. This in turn leads to nucleation and
coalescence/anisotropic growth of the B1,P; phase.
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Fig. 12. Fractional conversion obtained from heat-treated powder at 1300 °C
for various dwell times. The Ry and Rz laws were fitted using the Levenberg-
Marquardt algorithm, with r? representing the coefficient of correlation.
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Furthermore, employing Rietveld refinements on thermally treated
powder allowed for the determination of fractional conversions across
different isotherms. Notably, an isotherm at 1300 °C described the
fractional conversion rate. The analysis of experimental data led to the
investigation of a one-process nucleation-growth model, featuring
instantaneous nucleation and anisotropic growth. One model (Rj)
emerged as the most promising, displaying a suitable coefficient of
correlation.
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