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Thermal reaction and combustion reaction of boron - cupric oxide mixture

Hidetsugu NAKAMURA"®, Miyako AKIYOSHI* and Yasutake HARA'

In this study. thermal analysis and combustion experiments, such as combustion calorimetry or
the measurement of burning rate and combustion temperature were carried out to clarify the ther-
mal reaction and combustion reaction of boron - cupric oxide mixture. The results obtained are
as follows :

The mixture of boron with cupric oxide caused an intense exothermic reaction, but the thermal
reactivity was different with the shape and the composition of the sample in which a boron-rich
condition showed higher thermal reactivity. The linear burning rate, heat of combustion and
combustion temperature of boron - cupric oxide mixture had the maximum value at fuel-rich
condition of the equimolar composition. The pressure effect was also recognized with regard to
the linear burning rate and heat of combustion. The fractional oxidation of boron for the com-
bustion at atmospheric pressure was 81 ~83% for stoichiometric and oxidizer-rich conditions.
Under pressurized conditions, it increased with increasing ambient pressure and amount of oxidizer,
and a complete oxidation of boron was attained at the oxidizer-rich and pressurized composition.

1. Introduction

Boron (B) is a stable material because of its high
melting point and stable surface oxide layer. Howev-
er, boron can produce a good heat output due to its
high exothermicity per unit gram, if well burned”.
Therefore, combined with high melting point oxidizing
agents, a boron can be expected to have both high
heat-resistant and exothermic characteristics. Ordi-
narily, a pyrotechnic composition which contains boron
as fuel cannot produce whole capable heat output,
because the stable surface oxide layer (B.O;) demon-
strates the resistance to chemical reaction. This oxide,
similar to silicon dioxide. has a solid acidic nature.
Therefore. a solid basic substance such as oxides of
alkaline earth metal is selected as an oxidizing agent.
this composition can be expected to display enough
reactivity to cause a perfect oxidation.

Boron-containing pyrotechnic compositions, such as
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boron-red lead, potassium nitrate, barium chromate
or lead oxide, are utilized as delay mixture, igniter
mixture and primer mixture®’. With regard to the
reaction of boron with oxide, it was reported that
doped oxide exhibited high reactivity®. On the other
hand, there have been few reports which deal with
the boron - cupric oxide (copper () oxide, CuO)
mixture, because it is not so popular in practical use as
pyrotechnics. This composition is expected to have
both high heat-resistant and high exothermic charac-
teristics. In this study, thermal analysis and combus-
tion experiments such as combustion calorimetry or
burning rate measurement were carried out to clarify
the thermal reaction and combustion reaction of amor-
phous boron - cupric oxide mixture.
2. Experimental
2.1 Materials

The sample boron (B) was amorphous and reagent
grade obtained from Degussa JAPAN Co., Ltd. Its
declared purity is 90 ~92wt.%, but the one deter-
mined by chemical analysis using mannitol method
was 87.9wt.% *. Impurities determined by X-ray fluo-
rescence analysis were 3.0% magnesium, 0.5% iron
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and 0.2% copper. X-ray diffraction patterns showed
the existence of a small amount of crystal boron, anhy-
drous boron oxide (B203) and boric acid (H;BO3).
After washing soluble boron with hot water, the puri-
ty increased up to 90.8wt.%. An average particle diam-
eter determined by centrifugal particle size analyzer
was 4.62 u m, From the observation of SEM pho-
tographs (Fig. 1-a), it was noted that boron consist-
ed of primary particles of 0.1 ~2um in size and that
about a dozen of the primary boron particles aggre-
gated to form a secondary particle of a few microns, It
was difficult to determine the exact size of the pri-
mary particle from SEM photographs, but its average
particle diameter was under about 1 #m.

Cupric oxide was reagent grade and had a purity of
97.9wt.% based on iodometry. From SEM observa-
tion (Fig. 1-b), the cupric oxide was likely to be a
single crystal and consisted of 0.5~ 7 #m particles in
size.

The mixture of boron with cupric oxide was pre-
pared using an ordinary ball-mill mixer. The compo-
sition was boron/cupric oxide = 1/05, 1/1, 1/15, 1/2,
1/3 by mole, which were intended to cover fuel-rich
(1/0.5, 1/1), equimolar (1/1.5) and oxide-rich condi-
tions (1/2, 1/3), according to the following reaction
equation ;

2B + 3Cu0Q = B;0; + 3Cu (1)

2.2 Analysis

The purity of boron and unreacted one in the mix-
ture were determined by the method of mannitol, in
which after oxidation of boron by hydrogen peroxide,
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Fig. 1 SEM photographs of boron (Fig. 1-a)
and cupric oxide (Fig. 1-b)
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the produced boric acid was analyzed by neutralization
titration. Impurities were determined by a Shimadzu
X-ray Fluorescence Analyzer XRF-1700WF. The par-
ticle size was measured using a Horiba Centrifugal
Particle Size Analyzer CAPA-500. Thermal analysis
was performed with a Rigaku DTA - TG Simultaneous
Analyzer TAS-200 in argon under pressurized or
atmospheric conditions with a heating rate of 20T
/min. Sample weight was 5 mg, and the sample con-
tainer was a cell of 5mm high X 5mm ¢ made of alu-
mina. X-ray powder diffraction was performed using
a Rigaku Roter Flex RU-200. The particle morphology
was observed using a Nippon Denshi Scanning Elec-
tron Microscope JSM-2.

2.3 Combustion experiment

The delay mixtures consisting of B-CuO were burnt
in an aluminum cylindrical tube under argon pres-
surized or atmospheric conditions, and the time for
10-mm burning was recorded using digital memory
with optical fiber signal. The delay powder was load-
ed nine times, and its density was 70% of the theo-
retical maximum density. The combustion tempera-
ture was measured with a W/W-Re thermocouple
using a Digital Scope DL708 of Hokushin Denki Co.,
Ltd.

A Shimadzu Autocalculating Bomb Calorimeter C-3
was used to measure the heat of combustion for a 0.7-
g sample under pressurized and atmospheric condi-
tion in argon.

3. Resuslts and Discussion
3.1 Thermal reactivity of the mixture of boron
with cupric oxide

Fig. 2 shows the TG and DTA curves of boron in
air. Boron was oxidized in air at temperatures ranging
between 555 and 855C. Weight increase at 855C
was about 65%. On the other hand, the weight
increase of pure boron being 126% for complete oxi-
dation according to equation 2, this result corre-
sponded to 59% oxidation of total boron if the oxida-
tion of impurities was ignored.

2B + 3/20; = B;0; (2

The melting point of cupric oxide is 1026 'C, and
the thermal analysis of cupric oxide in argon did not
show any reactions below 900 C.

Fig. 3 shows the DTA curves for various composi-
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Fig. 2 TG and DTA curves of boron in air
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Fig. 3 DTA curves of boron - CuQ mixtures in the
form of powder (solid line) and pelletized shape

tions of boron - cupric oxide mixtures under atmo-
spheric pressure of argon. Every composition caused
an intense exothermic reaction at temperatures rang-
ing between 504 and 521 TC, but the thermal reactivity
was different with the composition and the shape of
the sample. In the case of a pelletized shape (disk,
dotted line) which was shaped by pressing, an
exothermic reaction occurred at lower temperature
compared to the powder form (solid line), because of
intimate contact. With regard to composition, a boron-
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rich condition showed higher reactivity. These phe-
nomena can be ascribed to a difficult oxidation of
boron and the difference in particle size of boron and
cupric oxide.

The thermal reactivity was also affected by the
surrounding pressure. Fig. 4 shows the effect of the
pressure on DTA curves for the stoichiometric com-
position of boron - cupric oxide mixtures. The decom-
position temperature showed a lowering of 34 C at
pressurized condition of 10.1MPa (100atm) compared
to that at atmospheric ones. Because pure solid-state
reaction should not be affected by the surrounding
pressure or reaction species in the gas phase, it can be
deduced that the reaction of boron - cupric oxide mix-
tures did not proceed completely through a solid-state
reaction.

3.2 Combustion characteristics of boron -
cupric oxide mixture

Fig. 5 shows the linear burning rate of boron -
cupric oxide mixtures under atmospheric conditions.
The linear burning rate had the maximum value at
the equimolar composition. The composition which
had the maximum value of the linear burning rate
was different from that for the highest thermal reac-
tivity, but was under fuel-rich conditions. These phe-
nomena can be ascribed to a difficult oxidation of
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Fig. 4 Effect of the pressure on DTA curves of
boron - CuO mixtures
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Fig. 5 Linear burning rate of boron - CuO mixtures
under atmospheric conditions

boron, the difference in particle size and the differ-
ence in the thermal reactivity or thermal diffusivity.
From these considerations, the surface combustion is
considered to have a very important role to propa-
gate the combustion wave of boron-cupric oxide mix-
tures.

Fig. 6 shows the linear burning rate of boron -
cupric oxide mixtures under pressurized conditions.
The linear burning rate increased with increasing
ambient pressure, In propellant combustion, the linear
burning rate under pressurized conditions V is rep-
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Fig. 6 Linear burning rate of boron - CuQ mixtures
under pressurized conditions

resented by the following Vieille's equation :
V = bP" 3)

where P is the pressure, n is the pressure index and b
is a constant. The pressure index n was 009, 0.10 and
0.05 for boron/cupric oxide = 05/1, 1.5/1 and 3/1 by
mole, respectively. The small pressure index was
ascribed to the fact that the main combustion reac-
tion is a solid-state reaction.

As the detailed combustion mechanism was not
examined in this experiment, the exact reason for the
pressure effect on combustion characteristics was not
clarified. From the observation of the combustion
wave, it was noted that the unreacted boron in the
condensed phase burned in the flame zone in the gas
phase. In the combustion wave, the heat was fed back
from the gas phase to the condensed phase. There-
fore, the pressure effect can be ascribed to the fact
that this flame zone existing near the condensed phase
was shortened and that the heat flux sent from the
flame zone became larger under pressurized condi-
tions.

Fig.7 shows the combustion temperature of boron -
cupric oxide mixtures at atmospheric pressure. The
combustion temperatures for the oxidizer- rich condi-
tion decreased, and the maximum temperature was
obtained at the equimolar composition. However, the
combustion temperature had approximately the same
values between the fuel rich (boron/cupric oxide =
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Fig. 7 Combustion temperature of boron - CuO
mixtures under atmospheric pressure
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0.5/1 by mole) and stoichiometric conditions (boron

/cupric oxide = 15/1).

3.3 Fractional oxidation of boron for the mixtures
of boron with cupric oxide

Fig. 8 shows the heat of combustion of boron -
cupric oxide mixtures under atmospheric and pres-
surized conditions of argon. The heat of combustion
had the maximum value at the equimolar composition
under both atmospheric and pressurized conditions.
Moreover, the pressure effect was also recognized
showing that the heat of combustion under pressur-
ized conditions had a greater value compared with
that under atmospheric conditions.

“Fig. 9 shows the X-ray diffraction patterns of the
reaction residue after the combustion of various com-
positions for boron - cupric oxide mixtures under atmo-
spheric conditions. From the observation of X-ray
powder diffraction, reaction residues did not contain
any compounds of boron, because of its amorphous
structure. In addition to this, copper alone was rec-
ognized only in the combustion residue of the fuel-
rich composition of boron/cupric oxide = 05/1 by
mole. Another fuel-rich condition of equimolar com-
position contained metal copper and cuprous oxide
(Cu20), which showed that cupric oxide cannot be
thoroughly reduced even under fuel-rich conditions.
Oxidizer-rich conditions also showed the residues of
both copper and cuprous oxide.

Fig.10 shows the fractional oxidation of boron after
the combustion of boron - cupric oxide mixtures under
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Fig. 8 Heat of combustion of boron - CuO mixtures
under various pressures of argon
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Fig. 9 X-ray powder diffraction patterns for the com-

bustion residue of various compositions of
boron - CuO mixtures
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Fig. 10 Fractional reaction of boron in the combus-
tion of boron - CuQ mixtures

atmospheric and pressurized conditions of argon. In
this figure, the dotted line (left-hand side of stoichio-
metric composition) indicated the results for fuel-
rich composition, and solid line (right-hand side)
those for the oxidizer-rich composition. The fraction-
al oxidation of boron at atmospheric pressure was 81%
for stoichiometric conditions and remained almost
unchanged with increasing amount of oxidizer. Under
pressurized conditions, it increased with increasing
ambient pressure and oxidizer condition, and a com-
plete oxidation of boron was finally attained for the
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oxidizer-rich composition of boron/cupric oxide = 3/1
by mole at 1.1 and 2.1MPa.
4. Conclusions

From the experiments of thermal reactivity, the
mixture of boron with cupric oxide caused an intense
exothermic reaction at temperatures ranging over 504
~521 T, but the thermal reactivity was different with
the composition and the shape of the sample. With
regard to composition, a boron-rich condition showed
high thermal reactivity.

The linear burning rate of the boron - cupric oxide
mixture had the maximum value at fuel-rich condi-
tions of the equimolar composition, which was different
from that for the highest thermal reactivity. The lin-
ear burning rate under pressurized conditions
increased with increasing ambient pressure, Howev-
er, the pressure index was a small value of 0.05~0.10.
The heat of combustion and the combustion temper-
ature for the boron - cupric oxide mixture had the
same tendency as the linear burning rate which was
affected by composition and ambient pressure. More-
over. from a difficult oxidation and high thermal dif-
fusivity of boron, a surface combustion is very impor-

tant factor in the propagation of the combustion wave.

None of the compounds which contained boron was
recognized in the reaction residue, because of its amor-
phous structure. Metal copper and cuprous oxide
were produced for fuel-rich, stoichiometric and, fur-
thermore, even for oxidizer-rich conditions.

The fractional oxidation of boron under atmospher-
ic pressure was 81 ~83% for stoichiometric and oxi-
dizer-rich conditions. Under pressurized conditions,
it increased with increasing ambient pressure and the
amount of oxidizer, and a complete oxidation of boron
was attained for the oxidizer-rich composition of boron.
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