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Ignition of Boron Particles Coated by a Thin Titanium Film

Valery Rosenband,* Benveniste Natan,t and Alon Gany$
Technion—Israel Institute of Technology, Haifa 32000, Israel

A theoretical model for the ignition of titanium-coated boron particles in dry air has been developed. In
general, the results indicate reduction in ignition time due to a high heating rate of the particle resulting from
the reactions of titanium with both boron and oxygen and the deterioration of the protective properties of the
coating layers due to mechanical stresses. However, ignition strongly depends on the titanium coating thickness
and the ambient temperature.
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Nomenclature
constant described in Eq. (19)
specific heat
mean specific heat of the composite particle
diffusivity
fractions of titanium, titanium oxide, and
boron in the liquid phases, respectively
mass transfer coefficient
effective mass transfer coefficient
liquid
molecular weight of the / species
heat and mass transfer Nusselt numbers
pressure
vapor pressure of the / species
equilibrium pressure of vapors above flat
surface
heating rate of the particle due to the
generation of the / species
heating rate of the particle by convection
and radiation
cooling rate of the particle due to
vaporization of the / species
heat release of the reaction
2B + 3/202 -> B203(0
heat release of the reaction
Ti(s) + 2B(» -> TiB2(s)
heat release of the reaction
Ti(s) + 02^Ti02(s)
current radius of the composite particle
mass generation rate per unit area of the
/ species
mass evaporation rate per unit area of the
/ species
universal gas constant
initial radius of the composite particle
initial radius of boron particle
radii of a hollow sphere
solid
particle temperature
surrounding radiation temperature
ambient gas temperature
the thickness of the evaporated layer of
TiO,
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= the thickness of the evaporated layer of
B203

= evaporation coefficient of the liquid
titanium oxide

= volume fraction of the / species in coated
particles

= surface tension coefficient of the liquid
titanium oxide

= interference
= heat of fusion of the / species
= heat of vaporization of the / species
= thickness of the layer of the / species
= initial thickness of titanium film
= particle emissivity
= porosity of solid layer
= ratio of the volume of boron-oxide to that

of boron consumed in its formation
= ratios of the volumes of the titanium-oxide

and diboride to those of titanium consumed
in their formation, respectively

= ratio of the volume of titanium diboride to
the boron consumed in its formation

= parameter in Eq. (30)
= Poisson ratio
= Hertz-Knudsen impingement factor of the

/ species
= density
= mean density of the composite particle
= Stefan-Boltzmann constant

C7eq j = equivalent stress of the / species
crlim,. = ultimate strength of the / species
a-,., crT, a-^ = stress tensor components
T = tortuosity of pores

Introduction

T HE use of boron as an additive in the polymeric fuel of
solid fuel ramjets and ducted rockets, or as a major in-

gredient in slurry fuels, may provide a significant increase in
the energetic performance of the motor due to the high heat
of combustion of boron in air. However, the ignition of boron
particles in oxidizing environments is very difficult because
of the boron-oxide layer that covers the particles and slows
down the oxidation reaction. As a result, boron particles often
exhibit poor combustion efficiency.1'2

The combination of boron with titanium that reacts exo-
thermically has been considered as a possible variant for boron
combustion intensification in rocket and ramjet engines.3-4

The coating of the boron particle with a thin layer of titanium
may contribute in speeding-up the ignition process by two
ways:

1) The heating rate of the particle increases due to the
reactions of titanium with both boron and oxygen.
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2) Mechanical stresses that develop in the TiO2 and TiB2
layers may cause their disruption, transforming them to non-
protective films for oxidation of titanium or boron.

A similar situation was studied by King.3 However, in his
work the B-Ti reaction was not considered. Moreover, King
assumed an initial boron-oxide layer at the B-Ti interface.
Such a layer should not exist in titanium-coated boron par-
ticles.

The objective of this research is to model and investigate
the ignition processes of a boron particle initially covered by
a thin titanium film. In principle, the model developed can
be applicable for the ignition of various metal particles, ini-
tially plated by other materials, in a hot oxidizing medium.

Theoretical Analysis
A schematic description of the model is presented in Fig.

1. For the problem considered, the following assumptions are
made:

1) Uniform temperature within the particle (for typical
heating rates of the order of 5 x 105 K/s, the temperature
difference between the surface and the center of a 10-/xm
particle will be only about 4 deg).

2) Interaction of the titanium with oxygen takes place as a
result of diffusion of oxygen through the TiO2 layer, while
that of titanium with boron results from diffusion of boron
through the TiB2 layer.5-6

3) Oxygen and boron do not dissolve in titanium. They
react completely at the interface with Ti generating new corn-

pounds, TiO2 and TiB2, respectively. As a consequence, oxy-
gen begins to react with boron only after complete consump-
tion of the titanium. Oxygen diffuses through the TiO2 and
TiB2 layers, forming B2O3 upon encountering the boron. The
present model is based on King's model and it is assumed that
when the B2O3 layer is formed, the reaction between boron
and oxygen proceeds at the B/B2O3 interface.7-9 According to
Glassman et al.,10 boron diffuses through the liquid B2O3 and
the reaction between oxygen and boron occurs at the outer
edge of the boron-oxide layer. However, since in the present
case, the B2O3 formation is mainly limited by the diffusion of
oxygen through the TiO2 and TiB2 layers, the location of the
B/O2 reaction becomes less significant.

4) Reaction between TiB2 and O2 is not considered. In
general, the oxidation rate of TiB2 is extremely low. More-
over, since the rate of generation of TiB2 is very low, the'
resulting layer of TiB2 is rather thin (—0.01 fjum) and the heat
that may be produced by the TiB2/O2 reaction is negligible.

5) The TiO2 and TiB2 films are assumed to be compact and
protective, and so the rate of the process is limited by the
diffusion of the reactants across them.

6) It is assumed that in the initial stage, the boron particle
is coated by a thin titanium film and no B2O3 exists between
boron and titanium. In general, boron particles are covered
with a thin boron-oxide layer due to the immediate reaction
of boron with ambient air. However, a new process to produce
pure titanium-coated boron particles has been developed by
AeroChem Research Laboratories.11 The process involves
separate reactions of sodium with boron trichloride and ti-
tanium tetrachloride, and finally, titanium gas coats the boron
particles.

7) It is assumed that when mechanical stresses exceed the
ultimate strength of the TiO2 and TiB2 films, these films are
disrupted. As a result, the diffusion velocities across the films
increase sharply.

Under these assumptions, the particle ignition process oc-
curs in two successive stages. During the first stage (Fig. Ib)
the titanium layer is consumed in parallel by the reactions
with oxygen and boron that take place simultaneously. At the
second stage of the process (Fig. Ic), after complete con-
sumption of the titanium, oxidation of the boron begins. The
thermodynamical data of the ingredients involved in the ig-
nition process are presented in Table 1 . All the data presented
in this article are in SI units.

Within a temperature range of up to 3000 K the following
processes are considered: melting and vaporization of B2O3;
melting of B, Ti, and TiO2; and vaporization of TiO2. The
polymorphic transfer Ti(a) — > Ti(/3) at 1155 K is neglected,
since the heating effect of this transfer is very small (about 4
MJ/kg-mol « 0.08 MJ/kg).

Heating or cooling of the particle results from convective
or radiative interactions with the surroundings. Additional
heating contribution is due to the exothermic reactions be-
tween titanium and oxygen, titanium and boron, as well as
boron with oxygen. On the other hand, the endothermic evap-
oration processes of titanium-oxide and boron-oxide extract
energy from the particle.

The heating rates of the particle due to the various reactions
are described by the following relations:

Titanium with oxygen (Ti + O2 -» TiO2):

QC.Ti02 = ?Ti02'

Fig. 1 Schematic description of the model: a) initial situation, b) first
oxidation stage, and c) second oxidation stage.

- 6TiO2)2 (1)

Titanium with boron (Ti + 2B -» TiB2):

(?G,TiB2 = ?TiB2-flc,TiB2 ̂ (ro + &nB2)2 (2)

Boron with oxygen (2B + 3/2O2 -» B2O3):

6c,B2o3 = ?B2o3-flG,B2o3 '47r(/o - dB^ - y)2 (3)



ROSENBAND, NAT AN, AND GANY 1127

Table 1 Some thermochemical data of the components involved
in the B/Ti/O2 system

where

Substances

B
Ti

TiO"2

K"

2450
1933
3193
2143
723

K'
3931
3591

3200
2316

Molecular
weight
10.8
47.9
69.5
79.90
69.78

MJ/kg
2.09
0.39
1.44
0.84
0.32

MJ/kg

8.88

7.53
5.26

The cooling rates of the particle due to vaporization of the
oxides are given by

(4)

(5)o - y)2

The heating rate of the particle by convection and radiation
from the surroundings is given by

Qs = [(kNul2R)(T() - T) (6)

During the particle ignition stage, the surrounding gas con-
tains only small amounts of three (or more) atom molecules
(H2O, B2O3, and TiO2). Since diatomic molecules (O2 and
N2) have no emissivity and absorptivity, they are, in fact,
transparent for radiation. Therefore, in Eq. (6) the radiative
heat exchange of the particle with the surrounding gas is not
considered, and only radiation exchange with external walls
is taken into account.

The total heating rate of the particle is given by

GG,TiB2)

- Gwno2 + Qs

- 6v,B203)

(7)

where a = 1 represents the first stage of the ignition process
and a = 0 the second one.

The heat balance equation for the particle at various tem-
peratures and states are described by

For T < 1933 K, 1933 K < T < 2143 K,
2143 K < T < 2450 K and 2450 K < T < 3000 K

4
-

For T = 1933 K

0 < /< 1,
/ = 1, 9

477
- [(R ~ W - (r0

dT
- (8)

= 0 if a = 1
0 if 0 = 0

7,Ti. - QT (9)

For T = 2143 K

/ = 1, 0 < 9 < 1, ^ = 0

A>rr HCD
— [R3-(R- &Ti02)3]pTlo2A//OT,Tio2-^ = QT (10)

For T = 2450 K

= 9 = 1, 0 < i / f<

KTiB2
 K]B2O3

*m.B ̂  = QT

B2o5 + y)J

(11)

RO — TO + S0

R = RQ - x

(12)

(13)

The rates of change of the thickness of the various layers
are described by

(14)

(15)

pTi02

(16)

In order to calculate the thickness of the TiO2 (and the B2O3)
layers, the mass of the gaseous oxides that has been removed
due to vaporization has to be considered. An imaginary layer
of thickness x (and y for B2O3) is defined for this purpose,
as the mass rate of vaporization divided by the liquid density
since the remaining layer is in the liquid phase:

(17)

(18)

pTi02

i = 0 - < 0

The coefficient a, which indicates whether titanium has been
consumed, is calculated by

a =
1 if

0 if
KTiO2

P = 2 ftft

+ -^ < «o
KTiB2

+ -^ > 50

£n = 3(r() + &TiB,)2 50 - —^^
^TiO2

 KTiB2

_ rg rg&nB2 (r0 -
A* - 3 - - — ̂  — -

KTiB2
KB203

(19)

(20)

(21)

(22)

(23)

/?3 (24)

(25)

R3 (26)

Eqs. (20) and (21) express the average value of the density
and specific heat of the composite particle based on the ad-
ditive contribution of the different components according to
their mass fractions.
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The generated flux of TiO2 depends on the rate of diffusion
of O2 through the solid or liquid TiO2 film, and it is described
by

(27)

For temperatures below the melting point of TiO2, the TiO2
film may be disrupted due to mechanical stresses. In such a
case, a new film is produced between the old one and the
titanium layer, and the thickness of this new film is used in
Eq. (27) for the generation rate calculation.

The vaporization of TiO2 is not very essential, since the
boiling temperature of titanium oxide is about 3200 K. Never-
theless, the mass flux of vaporized TiO2 is given by

- PTi02,surf)

(28)

If K » a.v, then vapors of titanium oxide are very quickly
lead away from the surface to the surrounding gas, and va-
porization proceeds in a kinetic regime. On the contrary, if
K « av, then vapor diffusion is the slower process and will
determine the vaporization rate.

The Hertz- Knudsen impingement factor v{ is given by

(29)

The mass transfer coefficient K, is given by

K; = R..TX, (30)

where diffusion through air can be represented by D, N,,
where ATio, in this case is

ATio, = 2RINun (31)

Since the TiO2 vaporization process may proceed both
through diffusion- and kinetic-controlled regimes, the follow-
ing expression for RTl0, is obtained:

R
PT.oA.TR

(32)

taking into account additional Laplace pressure associated
with the surface curvature of the particle. Here, the vapor
pressure of TiO2, namely,/?'J*02, is determined by the equation12:

= 14-376 - (30,060/7) (33)

The rate of generation of TiB2 (per unit area) is controlled
by the diffusion rate of boron through TiB2, hence,

Rr.
pB

2A/B pTiB,
(34)

At the second stage of the ignition process, when the ti-
tanium layer has been consumed, oxygen diffuses through the
TiO2 (liquid or solid), TiB2 and B2O3 layers to react with
boron. These layers are considered as series resistances, and
the mass flux of generated B2O3 is given by

zy

Cracks

Fig. 2 Vaporization mechanism of B2O3.

As regards the removal of B2O3, the kinetic and diffusion
limitations in the TiB2 and TiO2 layers as well as in the free-
stream are considered as series resistances (Fig. 2), and the
mass flux of vaporized B2O3 is described by

(36)

The partial pressures of the boron-oxide at the interfaces
of the various layers are shown in Fig. 2, and K,- is calculated
by Eq. (30). The relations described in Eq. (36) produce the
solution for Rv^B,o^ assuming that pB-,o, m tne freestream is
negligible:

where K is given by

RUT

and the parameters A are

A0 - 2RINuD

A2(/) =

A2(5) = 5TiB2T

(37)

(38)

(39)

(40)

(41)

(42)

T is the tortuosity of pores (r = 3), and £por is the porosity
of the solid layer (epor = 0.1).

The boron-oxide vapor pressure is given by9

S,0, = 1-53 x 1013exp(-44,000/r)

(35)

(43)

The diffusivities are calculated by employing various models
from the literature. For the calculation of the diffusion of a
gas through a liquid layer the Wilke correlation13 is employed,
and the following formulas are used:

£>o,,Tio,(0 = 1-9 x 10-1(Texp(-1.38 x WIRJ) (44)

£>o,.B,o,(0 ='9.7 x 10-10rexp(-1.5 x WIRJ) (45)
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#B,oVTio,(0 = 1-24 x 10-10r exp(-1.36 x 108/^r) (46)

For the calculation of the diffusivity of a gas through a gas
the solid-bodies model14 is employed, and the various for-
mulas are

^Tio,,N, = 2-89 x 10-4T3/2//? (47)

£>B,OVN, = 1-96 x 10 4T3/2//? (48)

The diffusivities of a gas through a solid are given by15"17

£>cxTio,fc) = 2 x 10-7exp(-2.5 x 1WRUT) (49)

00,,™^) = 4.8 x 10~5exp(-3.83 x 1WRUT) (50)

The diffusivity of B through TiB2(s) is given by18

£>B,TiB,fa) = 7 x 10~4exp(-3.99 x 1WRUT) (51)

During the heating process of the particle, mechanical stresses
appear in the interfaces and may cause disruption of the var-
ious layers. The main reasons for the appearance of these
stresses are 1) the difference in thermal expansion coefficients
of the phases, 2) the difference in bulk densities of the initial
substances and final reaction products, and 3) the change in
density of the material upon melting.

The mechanical stresses in the present multilayer system
are calculated by employing the thermal stress model in a
multilayer composite particle.19 According to this model the
stress applied on the k layer of a multilayer particle is given
by

k-
'S

&t,k = ~ ^

+

R 1- p
8, E,

r~

i,. R l - p.i+l \
- + o F ]

<>l+l £/+! /

&i/R

^ A-i - * 8J i - M/+A
j-k

y M i - P., 28,1 -
ft \8n En R Ec

(52)

where A is the interference between two successive layers.
When the stress exceeds its limiting value, the solid layer

is disrupted.
Ignition of the particle is achieved when all the follow-

ing criteria are fulfilled: 1) titanium has been completely
consumed, 2) boron-oxide is generated, 3) boron-oxide evap-
orates at a rate that exceeds its generation rate, and 4) boron-
oxide thickness becomes zero. If the particle reaches the boil-
ing temperature of B2O3 (2450 K), the pressure buildup inside
the layers causes a complete disruptive blowoff of the pro-
tective layers and ignition occurs.

Numerical Solution
The problem consists of 10 ordinary differential equations:

one equation for the particle temperature [Eq. (8)]; three
equations for the Ti, TiO2, and B2O3 molten fractions [Eqs.
(9), (10), and (11), respectively]; two equations for the thick-
ness of the TiB2 and B2O3 layers [Eqs. (15) and (16)]; two
equations for the evaporated TiO2 and B2O3 [Eqs. (17) and
(18)]; and two equations for the thickness of the protective
and nonprotective TiO2 layers [Eq. (14)]. Equation (14) is
used for the calculation of the total thickness of the TiO7

layer. However, after the breakup of the layer, a new layer
starts to form around the particle and for the calculation of
the rate of generation of TiO2 (#G,Tio,) °nly the thickness of
the new (protective) layer is considered. So actually, Eq. (14)
is used for the calculation of two layers.

In order to avoid numerical complications due to the stiff-
ness of the system, the two stages were treated separately and
the number of differential equations for each stage was re-
duced. Moreover, since the evaporated TiO2 was found to be
negligible, Rv:ri02 was set to zero and Eq. (17) was not solved.
The thermal equations [Eqs. (8-11)], were solved one at a
time according to the thermal status of the particle, hence,
the number of equations for each stage was reduced to four.

The equations were solved by the Runge-Kutta method.
The time step required for convergence of the system was 0.5
/z,s with a numerical tolerance of 10~H.

Results and Discussion
The aim of this research was to investigate theoretically the

ignition behavior of titanium-coated boron particles. For this
purpose a parametric investigation was conducted to evaluate
the effect of the titanium coating thickness (0.1-1 ^m) and
the surrounding temperature (1400-2000 K) on the ignition
time of various diameter particles (5-20 jmrn).

The surrounding radiation temperature as well as the initial
particle temperature were assumed to be 300 K.

The initial thickness of the titanium layer affects signifi-
cantly the ignition behavior of the particle. The results indi-
cate the existence of a critical initial titanium thickness, below
which the particle cannot ignite. [It is important to note that
for sufficiently high surroundings temperature (—2000 K), no
titanium coating is required at all.] For a demonstration of
the importance of the initial Ti coating thickness, the tem-
perature history of a 10-/x-diam particle with different Ti coat-
ing thickness is presented in Fig. 3. The critical Ti thickness
of such a particle is d(} = 0.064 /um. As shown in Fig. 3, the
particle temperature increases rapidly at approximately 0.3
ms. At this point the particle temperature is about 1300 K
and the mechanical stresses cause disruption of the still solid
TiO2 film. A new protective TiO2 layer is then formed be-
tween the now unprotective TiO2 and the Ti layers as shown
in Fig. 4. This layer breaks immediately due to the mechanical
stresses, and this phenomenon repeats itself continuously until
the TiO2 melts at 2143 K. The result of this continuous gen-
eration of a new protective layer and its disruption is the
oxidation of titanium at a much higher rate, and consequently,
an acceleration of the particle temperature increase (at t —
0.3 ms), as shown in Fig. 3. At some time all the titanium
will be consumed and oxygen will diffuse through the TiO2,

2 6 0 0

1 2 0 0
. 2 5 . 3 0 . 3 5 . 4 0 . 4 5 . 5 0

Time (msec)
Fig. 3 Particle temperature history.
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PROTECTIVE

Ti02

UNPROTECTIVE

Ti02
Cracks

2 . 0

time = t time =

q, TiOi ~ ° Urn, Tify aeq, Ti&i > OUrn, T

Fig. 4 Titanium oxidation mechanism.
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. 5 . 10 -
o

• E . 0 5

D
O

:!= . o oi_
O

Tamb=2000K

5 10 15
Particle Diameter

2 0

Fig. 5 Critical initial titanium thickness, for various particle sizes.

TiB2, and B2O3 (initially zero) layers and will react with bo-
ron. The rate of diffusion of both O2 and B2O3 through liquid
TiO2 increases with temperature [Eqs. (44) and (46)]. How-
ever, the three successive layers (TiO2, TiB2, and B2O3) pro-
duce a serious limitation for the oxidation of boron. Hence,
if the particle temperature is not high enough, the amount of
oxygen that reaches the boron may not be sufficient to provide
the heat lost to the surroundings and for further temperature
increase. If the initial Ti coating thickness is below the critical
value, Ti is consumed before the particle reaches a critical
temperature necessary for ignition. This temperature was found
to be 2320 K, which is also the boiling temperature of B2O3.
At this temperature the rate of vaporization of B2O3 exceeds
the rate of generation, and the particle ignites (Fig. 3, 5() =
0.064 fjum). Such a situation does not take place for a thinner
Ti layer and the particle extinguishes (Fig. 3, 6() = 0.063 ju,m).
If the initial Ti thickness is above the critical one, the particle
temperature increases up to 2450 K and remains constant until
Ti is consumed and the particle ignites. The critical initial
titanium thickness as a function of the particle size is presented
in Fig. 5 for particle sizes up to 20 jam.

It seems that the minimum initial titanium thickness nec-
essary for particle ignition increases almost linearly with the
particle diameter. However, for particle diameters of 5-20
^m and surrounding temperature of 2000 K, the titanium to
boron mass ratio is almost constant, about 7.6%. The critical
titanium thickness increases somewhat with decreasing the
ambient temperature to 1400 K. Nevertheless, the important
conclusion is that the critical titanium mass for most cases is
about 8% of the boron mass.

The ignition time of particles of various sizes as a function
of the initial titanium thickness for an ambient temperature
of 2000 K is presented in Fig. 6. The ignition time increases
with increasing the initial titanium thickness above the critical

o
CD
( 0 1 . 5 -
E
CD
E i .o

C
O

0 . 0

_ Particle
Diameter

Tamb=2000K

. 50 . 7 5 1 . 0 0."00 . 2 5

Initial Titanium Thickness
Fig. 6 Ignition time dependence on initial titanium thickness, for
various particle sizes.

3 . 0

0 . 0
10 15

Particle Diameter
2 0

Fig. 7 Ignition time vs particle size for different surrounding tem-
peratures.

value. This indicates that by coating the particle with a mass
of titanium above the required critical mass (8%), the per-
formance of the motor may decrease, not only because of the
much lower heat of combustion of titanium compared to that
of boron, but also due to the increase of ignition time of the
particles.

The ignition time of particles having a titanium coating of
0.2-jum initial thickness vs the particle diameter for various
ambient temperatures, is presented in Fig. 7. In contrast to
uncoated boron particles that require ambient temperatures
of approximately 2000 K, the titanium-coated particles can
ignite even at temperatures of 1400 K. This is due to the
oxidation of titanium that speeds up the particle heating and
promotes the ignition process.

Concluding Remarks
A theoretical model for the ignition of titanium-coated bo-

ron particles is presented. The model includes the reactions
of titanium and boron with each other as well as with oxygen
and accounts for the mechanical stresses that develop in the
various layers as a result of their different thermal expansion.

The results indicate the existence of a critical titanium mass,
approximately 8% of the boron particle mass, necessary for
ignition of the particle. Below that critical titanium mass the
coated particle does not ignite at ambient temperature up to
2000 K, whereas a pure boron particle could ignite. On the
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other hand, titanium mass larger than the critical value causes
longer ignition delay times. In general, the titanium coating
promotes the ignition process even at low ambient temper-
atures (down to 1400 K).
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