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Nearly pure boron carbide free from impurities was produced on a tungsten sub-
strate in a dual impinging-jet chemical vapor deposition reactor from a BCl;, CH,,
and H, mixture. The Fourier Transform Infrared (FTIR) analysis proved the formation
of reaction intermediate BHCI,, which is proposed to occur mainly in the gaseous
boundary layer next to the substrate surface. Among a large number of reaction mech-
anisms proposed only the ones considering the molecular adsorption of boron carbide
on the substrate surface gave reasonable fits. In the proposed mechanism dichlorobor-
ane is formed in the gas phase only as a by-product. Boron carbide, on the other
hand, is formed through a series of surface reactions involving adsorbed boron trichlo-
ride, adsorbed methane and gas phase hydrogen. The simultaneous fit of the experi-
mental rate data to the model expressions gave correlation coefficient values of 0.977
and 0.948, in predicting the B,C and BHCI, formation rates, respectively. © 2009
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Introduction

Boron carbide is an important refractory carbide with
excellent physical and chemical properties. Its high hardness,
high melting point, high modulus of elasticity, large neutron
capture section, low density and chemical inertness to most
alkali and acids, make boron carbide a strong candidate for
high technology applications.l’2 Considering its high-temper-
ature stability, large Seebeck coefficient and low thermal and
high electrical conductivity, boron carbide could find poten-
tial use as high-temperature thermoelectric material for
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energy converters.” The need for a high quality boron car-
bide, especially for high technology applications, increased
attention to study and develop novel boron carbide deposition
techniques. Chemical vapor deposition (CVD) technique
offers the advantage of a well controlled deposition of high
purity single phase boron carbide.

Technical grade boron carbide (B4C) can be deposited
from various reaction gas mixtures over broad temperature
and vapor composition ranges by the CVD method.* The
deposition processes are carried out in excess hydrogen and
the most commonly used boron and carbon precursors are
BCl; and CH,.*®

Most of the previous studies on the CVD of boron carbide
consider only the morphology of the deposited products.“’sﬂ_9
A few studies involve the rate determination by classical
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thickness measurement of the deposits divided by the deposi-
tion time.'”'" Vandenbulcke® deposited boron carbide from
BCl3-CH4-H, mixture by using a stagnation flow technique
in a cold wall reactor. A mass transfer equilibrium model
was developed and this model was compared with the depo-
sition rates and the solid compositions. The surface kinetics
resistance was found to be an important factor since it limits
the deposition rates. Santos et al.'' proposed a mechanism
change at 1050 K substrate temperature during laser assisted
deposition of r-B4C coatings using ethylene as carbon precur-
sor, which was attributed to the change of rate controlling
mechanism from the surface reaction kinetics to the mass
transport of the gaseous species. Dilek et al.'* studied only
the effect of the inlet BCl; molar fraction on the reaction
rates using methane as carbon precursor in a dual impinging-
jet reactor where diffusion limitations were minimized. In
our recent publicaltion,13 the effects of both BCl; and CHy
inlet molar fractions on the reaction rates were investigated.
Both dichloroborane and boron carbide formation rates were
found to increase with an increase in the inlet molar fraction
of BCl;. However no effect on the formation rate of dichlor-
oborane was observed while the formation rate of boron car-
bide increased with an increase in the inlet molar fraction of
CHy. There are a few published information related to the
mechanism of CVD of boron carbide, which are not conclu-
sive. Present study is a continuation of our earlier work'® to
find the mechanism of CVD of boron carbide from a reaction
gas mixture of BCl;, CHy, and H,. In this study, a detailed
chemical investigation of CVD of boron carbide from the
reaction gas mixture in an impinging-jet reactor was carried
out to find a plausible reaction mechanism, to predict the
formation rate of boron carbide, together with the rate of
dichloroborane, which is the only stable intermediate
observed in our system.

Experimental

To obtain reliable kinetic data and information about the
reaction mechanism, minimization of transport limitations is
quite important. Therefore a dual impinging-jet quartz reactor
was constructed (Figure 1). The BCl;, CHy, and H, gas mix-
ture, which was fed to the reactor through the two orifices in
the middle of the reactor struck as a jet on to the both sides
of the tungsten substrate, which hanged between two electro-
des, upper one was fixed and the lower one was dipped into
a mercury pool. The weight of the lower electrode kept the
surface of the tungsten foil smooth and streched. The total
volumetric flow rate of the gas mixture was kept constant at
200 cm?®/min in all experiments, which imposed a linear ve-
locity of 2.1 m/s through each orifice. The substrate surface
was heated to the desired temperature resistively by applying
DC power through the electrodes. The temperature of the
substrate surface was measured by an optical pyrometer.
Details of the reaction system are published elsewhere."?

The on-line chemical analysis of the reactor outlet stream
was carried out by an FTIR (PerkinElmer Spectrum One)
spectrophotometer. Compositions of the reactor effluent were
determined by calibrating the FTIR spectra for the reaction
constituent gases according to the characteristic peak heights.
The mole fraction ranges of methane and boron trichloride in
the reactor inlet gas mixture were varied between 0.019—
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Figure 1. The dual impinging-jet CVD Reactor.

0.042 and 0.023-0.126, respectively, keeping a previously
optimized substrate temperature of 1150°C at which rhombo-
hedral boron carbide could be formed without any impur-
ities."? During each run, the rate data was collected at differ-
ent time intervals until steady state operation was reached.

Results

The phase and composition analyses of the solid product
were carried out by means of XRD and XPS methods in our
previous study.13 Within the range of inlet gas compositions
studied, the formation of technical grade boron carbide (B4C)
was observed with carbon content around 17 at%, meaning
that the product is within the homogeneity range of single
stable phase boron carbide.' The formation of carbon, boron
and any species (WB, WC) formed by an interaction of bo-
ron and carbon species with tungsten was not observed at
1150°C, at which the Kkinetic studies were carried out. In
addition to this, the FTIR analysis of the reactor effluent
stream showed that BHCI, and HCI were formed in the gas
phase during the CVD of boron carbide from the BCl;, CHy,
H, gas mixture.'? The careful characterization studies of the
produced solid phase together with the spectroscopic analysis
of the reactor effluent revealed that two independent overall
reactions must be enough to describe the CVD of boron car-
bide from the mixture of BCls, H,, and CH, gases;

BCl3(g) + H,(g) + jCH4(g) = $B4C(s) + 3HCI(g)
(Reaction 1)

BCls(g) + H,(g) = BHCl,(g) + HCl(g) (Reaction 2)

The following relations can be written between the
observed rates of different species for this system:

Ry,= +Rpcy, Rp,c = —Rcy,

Rgnel, = +4 Ren, —Rgay, Ruci = —8Rcn, —Rpcy,
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Mole fractions of reactor effluent gases were expressed in
terms of fractional conversions to boron carbide(x;) and
dichloroborane(x,). From the experimentally observed values
of mole fractions of the reactor effluent gases, the conversion
values of BCl; to B4C (x;), and to BHCl, (x,), were calcu-
lated from the BCl; and CH4 mole fraction equations. The
mole fraction equations for H,, BCl;, CHy, HCI, and BHCI,
gases in terms of conversions were published elsewhere.'
The rates of boron carbide and dichloroborane formation
reactions were evaluated from the following equations

Rp,c = A(Rp,c), = 1/4Foyperoti
Rgncl, = FoYperot2

where F is the total molar flow rate of the reactant stream
and A is the surface area of the tungsten substrate that is in
contact with the reactant gases within the reactor.

The major objective of using a dual impinging-jet reactor
is to eliminate the mass transport effects and to obtain true
kinetic data, which can also be used in the design of different
CVD reactors. As it was discussed in our earlier publica-
tions,'>!'¢ the linear velocity of the jet at the orifice is 2.1 m/
s and the distance between the orifice and the substrate sur-
face is only 0.5 cm. In such a system mass transfer effects
are expected to be minimized, if not totally eliminated. In
fact our earlier studies had also shown that the conversion
values obtained in this system were at least five times higher
than the conversion values obtained for the same reaction in
a parallel flow CVD reactor.'>1° Significance of diffusional
resistance in the parallel flow system and minimization of
such effects in the impinging-jet reactor was also discussed
in that earlier publications.'>'®

The mechanism studies were carried out with the rate data
for the samples that were produced at 1150°C. The effects of
inlet boron trichloride and methane gases on the reaction
rates at this temperature are shown in Figure 2. The rate of
boron carbide formation reaction increases up to a certain
value of boron trichloride mole fraction, and then reaches a
plateau and remains nearly constant. This result may be the
indication of an adsorption of BCl; molecules on the surface.
This observation is also consistent with the study of Sezgi'®
in which boron deposition was considered to take place in a
mechanism involving non-dissociative adsorption of boron
trichloride molecules on the substrate surface. As shown in
Figure 2, the rate of dichloroborane increases with an
increase in the mole fraction of boron trichloride. This
behavior of the rate data may be due to the BHCI, formation
reaction taking place mainly in the gas phase within the thin
thermal boundary layer next to the substrate surface.

A large number of reaction mechanisms consisting of dif-
ferent types of elementary reaction steps, involving various
types of surface reactions leading to B4,C and BHCI, forma-
tions, totally gas phase reaction, adsorption of reactant gases
on the surface, surface reactions and desorption of reaction
products from the surface were proposed to predict the for-
mation rates of boron carbide and dichloroborane simultane-
ously. The rate expressions for formations of boron carbide
and dichloroborane were derived from the proposed mecha-
nisms and tested with the independent experimental rate data
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Figure 2. Effects of inlet molar fractions of (a) BCls
(yCHao = 0.02) and (b) CH4 (yBc|30 = 0.084) on
the formation rates of boron carbide and
dichloroborane (T = 1150°C, in excess hydro-
gen).

using non-linear regression analysis. In the non-linear regres-
sion analysis, Pearson product moment correlation coefficient
was used. The formula of correlation coefficient (r) is
n — —
ﬁz (%) (%) where X, Y are the experimental rate
i=1
data and model rate data obtained from the proposed mecha-
nism, respectively. In the program, iteration, step size and
tolerance values were set and then, the rate data and rate
equations for boron carbide and BHCI, formation reactions
and the initial values for each parameter were entered the
program. The program finds the same parameters whatever
the initial parameter values are. After regression process, the
proposed mechanisms should predict both rates with an ac-
ceptable accuracy. Moreover, many of the mechanisms con-
tained some common rate parameters appearing in the rate
expressions. So, the data for the boron carbide and dichloro-
borane formation rates were simultaneously analyzed to pre-
dict a reaction mechanism.

The various combinations of possible elementary reaction
steps, together with the selection of the rate determining step
among the elementary steps, are the factors that make the
difference between the mechanisms. Some of the most proba-
ble elementary reaction steps considered for this system are
shown in Table 1.

In the derivation of the rate expressions, the only adsorbed
species were taken as BCl;, H,, and CH4. The adsorption
terms for the product gases HCI and BHCI, were not consid-
ered because such species were swept away from the surface
during the impingement of the reactant gases to the substrate
surface.
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Table 1. Probable Surface Reaction Steps Taking Place in the CVD of Boron Carbide from a BCl;, H,, and Ch, Mixture

Adsorption Reactions

BCl; + s < s.BCl3 (nondissociative) al
BCl; + 2s — s.BCl, + s.Cl (dissociative) a2
BCl; + 3s — s.BCI + 2s.Cl (pyrolytic) a3
CH, + s «+»s.CHy (nondissociative) a4
CH,4 + 2s «+»s.CH; + s.H (dissociative) a5
H, + 2s <2s.H (dissociative) a6
Surface reactions for BCl; decomposition
s.BCl; + H, — s.BCl + 2HCI cl
s.BCl; + s.H — s.BCl, + s.HClI c2
s.BCl; + s — s.BCl, + s.Cl c3
s.BCl, + s.H — s.BCl + s.HCl c4
s.BCl + CH; — s.BC + HCI +3/2H, c5
s.BCl; + CH; — s.BC + 3HCI + 1/2H, c6
s.BCl; + CH; — s.BHC + 3HCI c7
BCl; + s.CH3 — s.BC + 3HCI c8
s.BCl; + s.CH; — s.BC +3HCI + s c9
s.BCl3+s.C + 2H, — s.BC + 3HCI + s.H cl0
BHCI, formation
s.BCl; + H, + ns — s.BHCl, + s.HCI + (n-1)s dl
s.BCl; + 2(s.H) — s.BHCl, + s.HCI + s d2
s.BCl, + s.H — s.BHCI, + s d3
s.BCl; + 2(s.H) - BHCI, + HCI + 3s d4

Surface Reactions for Boron Carbide Formation

s.BC + BCl3 + H, + s — s.B,C +2HCI + s.Cl bl
s.B,C + BCl; + H, + s— s.B3C +2HCI + s.Cl b2
s.B;C + BCl; + H, + s — s.B4,C +2HCI + s.Cl b3
s.BC + s.BCl + H, — s.B,C + s.H +HCI b4
s.B,C + s.BCl + H, — s.B3C + s.H+ HCl b5
s.B3C + s.BCl + H, - s.B4C + s.H+ HCI b6
s.BCl + s.C + H, - s.BC + s.H + HCI b7
s.BC + s.BCl; + H, — s.B,C + 2HCI +s.Cl b8
$.B,C + s.BCl; + H, — s.B3C + 2HCI+ s.Cl b9
$.B;C + s.BCl; + H, — s.B,C + 2HCI + s.Cl bl10
CHy + s — s.C + 2H, bll
s.BHC + BCl; + H, — s.B,C + 3HCI bl2
s.BC + BCl; + 3/2 H, — s.B,C + 3HCI b13
s.B,C + BCl; + 3/2 H, — s.B;C + 3HCI bl4
s.B;C + BCl; + 3/2 H, — s.B4,C +3HCI bl5
Desorption reactions
s.BHCIl, —» BHCI, + s el
s.HCl — HCI + s e2
s.BCl, - BCl, + s e3
s.BCl - BCIl + s e4
Decomposition of BHCI,
s.BHCl, + s —» s.BCl, + s.H f1
s.BHCI, + s.BCl; — 2(s.BCl,) + HCl 2
s.BHCl, + s.H + s — s.B + 2(s.HCI) f3

s is a surface site (boron carbide).

BCl; adsorption on the substrate surface may be nondisso-
ciative, partially dissociative or completely dissociative (Ta-
ble 1, al-a3). Other reaction precursors, methane and hydro-
gen, may or may not adsorb on the surface, and react with
adsorbed boron trichloride molecule through Langmuir Hin-
shelwood or Rideal Eley type of surface reactions (bl-bll,
cl—c10). Hydrogen adsorption was considered to be dissocia-
tive (a6) at the substrate temperature studied, however meth-
ane adsorption could be nondissociative (a4), or dissociative
(a5). Free adsorbed carbon atoms may form with the reaction
of the methane gas and vacant surface site (bl1) and they
then may react with adsorbed boron trichloride molecule to
start the formation of boron carbide (b7, c10). Some possible
surface reaction steps for the BHCI, formation are given in
Table 1 (d1-d3). At high temperatures, adsorbed BHCl, mol-
ecule may further decompose (f1-£3).

Among the extensive number of the mechanisms consid-
ered, only the ones in which adsorption of boron trichloride
on the surface was included in the mechanisms (al) gave
reasonable fits for the boron carbide formation rate data. The
almost linear increase of the dichloroborane formation rate
with initial boron trichloride molar fraction may be an indi-
cation of the dichloroborane formation reaction taking place
mainly in gas phase. Modelling studies revealed that, the
mechanisms in which dichloroborane formation reaction was
considered to take place only in gas phase, gave very good
fits, for the formation rates of both species. On the other
hand, models containing surface reaction steps in addition to
the gas phase formation reaction for dichloroborane forma-
tion (d1-d3), gave poor fits, especially to predict the deposi-
tion rate of boron carbide. Moreover, according to the subse-
quent curve fitting process, the gas phase reaction of dichlor-
oborane formation should be elementary and first order with
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respect to BCl; concentration. Since the hydrogen partici-
pates in reaction, one would expect the rate law to have the
form of r = Ppcy, P, Because hydrogen is always present
in great excess, its concentration remains essentially constant
in a given run. Therefore hydrogen was excluded from the
rate law and the reaction becomes pseudo first order. In spite
of the absence of any decomposition products of BHCI, on
the solid phase, further dissociation of dichloroborane (f1—£3)
was considered in some models and as expected the mecha-
nisms involving such reactions were poor in the prediction of
the experimental rate data. Models in which the hydrogen
did not adsorb were poor in the prediction of the experimen-
tal rate data.

Boron carbide formation reaction was considered to take
place through successive series reactions, in which boron and
carbon atoms are incorporated into the solid structure to
form boron carbide finally (b1-b10). B,C, B3;C, BC, and
BHC are expected to be very reactive and the fraction of the
surface covered by these species is most likely very low.
Therefore, steady state approximation was applied for the bo-
ron-carbon containing intermediates appearing in the succes-
sive series reactions.

Adsorbed boron trichloride further decomposes through
surface reactions involving the reaction of adsorbed
BCl; with either gas phase hydrogen and methane (cl,
c¢5—c7), or adsorbed hydrogen (c2), and adsorbed methane
(c9).

An extensive number of mechanisms involving different
combinations of elementary reaction steps given in Table 1
and different types of rate determining steps were considered
in simultaneous analysis of rate data for boron carbide and
dichloroborane formation reactions. The best three reaction
models are summarized below and a list of some of the reac-
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Table 3. The Best Three Models for the CVD of B4,C from CH,4, H,, and BCl; mixture at 1150°C

Correlation Coefficients for

Model Rate Expressions Rate Parameters Rg,c RgHc,
A D = ke Bl = 0.0682 0.977 0.948
DPcy, Paai °
Rp,c = — 3 K.1=9.36
/2 <1 + Ka1Ppei, + EPC#)
e R E=Es = 1847
a6
Rghel, = kgPgcl, k,=0.00521
DPcy, P
B Rp,c = R 0.832 0.946
(14 KqPgey, +EPY) D=Kk.7Ka6=46.65
e p Ka=3383
CH, FBCl3 E=K &~ = 333
Rpncn, = + kePpa, 6 _
e T KuPye, + BP0 F=kyK,i = 2554107
3 2
k,=0.0055
DPcy, Pyci, P/
C Rp,c = LT, yrre D=kp;ke10Kq1 =60.3 0.754 0.955
(1 + Ka1Pgcl, + FPHZ ) K31172302.O
GPy,P F=K]/* = 38.58
Rprcr, = P+ KePrcr, G=kyiKK,o=3.6510"

(1 + KaiPpcy, + FPy,”)

ky=5.2%10""

K1, Kas, and K, are the adsorption equilibrium constants for BCl; (al), CH, (a5), H;, (a6); kpi1, ko7, keo, ke10, ka1, and kg are the rate constants for reactions
bll, c¢7, ¢9, c10, d1, and d4, respectively. kg is the rate constant of the gas phase formation reaction of BHCI,.

tion models that were tested but did not work is tabulated in
Table 2. The rate expressions that are derived from the best
three models and the rate parameters obtained from simulta-
neous analyses of R c and Rgpcy, data by nonlinear multi-
ple regression analysis are given in Table 3. The compari-
son of the experimental and model predicted values of the
boron carbide and dichloroborane formation rates is illus-
trated in Figure 3.

Model A

In this model, boron trichloride is adsorbed on the surface
non-dissociatively (al), whereas methane and hydrogen are
adsorbed dissociatively (a5, a6). Adsorbed boron trichloride
is decomposed through a Langhmiur-Hinshelwood type of a
surface reaction with dissociatively adsorbed methane
(s.CH3) (c9). Boron carbide is formed on the solid surface
through the series reactions (b8-b10), in which boron atom
is incorporated to the solid structure in each step. Steady-
state approximation was applied for the adsorbed intermedi-
ates appearing in reactions c9, b8, and b9. In the proposed
model, dichloroborane formation reaction was considered to
take place only through gas phase reaction of boron trichlo-
ride with hydrogen. Gaseous hydrogen chloride is produced
through a surface reaction of adsorbed hydrogen and
adsorbed chlorine. In fact this model gives the highest corre-
lation coefficient values in the models that considers only
gas phase formation of dichloroborane. The simultaneous fit
of the experimental data to the model expressions gave the
highest correlation coefficient of 0.977, in fitting the B4C for-
mation rate data. Estimated model parameters together with
the statistical correlation coefficients are summarized in
Table 3.
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Model B

In this model, the boron trichloride and hydrogen gases
are adsorbed on the solid surface through reactions al and
a6. Then the adsorbed boron trichloride reacts with gaseous
methane through a Rideal-Eley type surface reaction (c7) to
produce adsorbed intermediate species BHC. Boron is added
to structure in the successive reactions involving gaseous bo-
ron trichloride, adsorbed B,C or adsorbed B;C species and
hydrogen (b12, b2-b3). In each successive reaction, HCI gas
is produced as a by-product. The rate determining step for
boron carbide deposition was taken as (b3). The rate deter-
mining step of BHCI, formation involves reaction between
adsorbed boron trichloride and hydrogen (d1). Adsorbed
dichloroborane is then desorbed back to the gaseous phase
through reaction el. In this model, dichloroborane is pro-
duced by two competing mechanism; first one is the surface
reaction described above and the second one is the contribu-
tion of gas phase formation reaction through reduction of
BCl; by H,. Hydrogen chloride is produced through the sur-
face reaction of adsorbed hydrogen and adsorbed chlorine.
The simultaneous analysis of the rate expressions derived
from the model with the experimental data predicted the bo-
ron trichloride effect on the formation rate of boron carbide
well for low inlet BCl; molar fractions. However at high
BCl; inlet concentrations, the model failed (Figure 3). The
rate parameters together with the corresponding r values for
the model are given in Table 3. This model is not enough to
describe the observed behavior considering the low correla-
tion coefficient for the B4C formation reaction (Table 3).

Model C

In this model, the boron trichloride and hydrogen gases
are adsorbed on the solid surface through reactions al and a6
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Figure 3. Comparison of rate data with model predictions for boron carbide and dichloroborane formation reac-
tions at 1150°C and different initial mole fractions of boron trichloride (a, b) and methane (c, d) in excess

hydrogen.

as in Model A and B. The gas phase methane reacts with a
vacant surface site to produce adsorbed carbon (bl1). The
adsorbed carbon is reacted with adsorbed boron trichloride to
form adsorbed BC species (c10), which then reacts with gas-
eous boron trichloride and hydrogen, in successive steps
(b13-b15), to obtain boron carbide. The dichloroborane for-
mation occurs again in two steps. In contrast to the previous
mechanism, here dichloroborane is formed through a Lang-
muir Hinshelwood type of reaction kinetics through the reac-
tion of adsorbed boron trichloride and adsorbed hydrogen
(d2) in addition to the gas phase formation reaction. The
model rate expressions derived for this model are given in
Table 3. The simultaneous fit of the experimental data to the
derived rate expressions gave poor fit for the formation of
boron carbide (Figure 3a). For dichloroborane formation,
model predictions are in acceptable agreement with the ex-
perimental data, with an » value of 0.955 (Table 3).

It is evident from Figure 3 that, the experimental data was
best described by model A. This model predicts the deposi-
tion rate of B4,C and BHCI, well for the entire range of pa-
rameters studied. The model does not consider the probable
surface reactions in the formation of BHCI,, and hence for-
mation rate is independent of methane partial pressure. This
is also met by the experimental observation in which dichlor-
oborane formation rate is almost unchanged with the varia-
tion of the initial methane mole fraction.

Conclusions

The FTIR analysis of the reactor effluent stream showed
that BHCl, was formed as the only stable intermediate dur-
ing the CVD of boron carbide from the BCl;, CHy, H, gas
mixture. The formation of BHCI, was attributed mainly to
the gas phase reaction within the thin thermal boundary layer
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next to the substrate surface. The poor fits of the reaction
models which consider the formation of BHCI, through het-
erogeneous surface reactions support the idea of gas phase
formation of that intermediate. Among a large number of
reaction mechanisms proposed only the ones considering mo-
lecular adsorption of boron carbide on the substrate surface
gave reasonable fits. Hydrogen and methane, on the other
hand should be dissociatively adsorbed on the substrate sur-
face, to obtain a good fit. In the proposed model, the
adsorbed intermediates, together with the gas phase hydro-
gen, are reacted in successive series reactions to produce
finally stoichiometric B4C phase. The mechanism that
involves foregoing elementary steps (Model A) is quite satis-
factory to predict the deposition rates of boron carbide and
dichloroborane simultaneously.
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Notation

A = reaction surface area (mm°?)
E, = activation energy (kjoule/mol)
F, = molar flow rate of the reactant stream (mol/min)

ko, = frequency factor (mol/min)

R = gas constant (kjoule/mol-K)
R, = reaction rate based on the unit surface area of the substrate

(mole/min-mm?)

R = reaction rate based on the surface area of the filaments (mole/min)

s = standard deviation

T = temperature (K)

X = experimental rate data

Y = model rate data obtained from the proposed mechanism
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X,

Y = mean

x1 = fractional conversion of BCl; to B4,C
X, = fractional conversion of BCl; to BHCI,
y; =mole fraction of component i
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