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a b s t r a c t

The present work estimates, using a kinetic model, the growth kinetics of Fe2B boride layers generated
at the surface of a gray cast iron via the powder-pack boriding considering three different temperatures
(1173, 1223 and 1273 K) and four treatment times (2, 4, 6 and 8 h). By the use of the mass balance equa-
tion at the (Fe2B/substrate) interface under certain assumptions and considering the effect of the boride
incubation time, it was possible to estimate the corresponding parabolic growth constant in terms of
two parameters ˛

(
CFe2B

up

)
and ˇ(T) depending on the boron content in the Fe2B phase and on the process

temperature, respectively. The mass gain at the material surface and the instantaneous velocity of the
(Fe2B/substrate) interface were also estimated. A fairly good agreement was observed between the exper-
imental parabolic growth constants taken from a reference work (Campos-Silva et al., Characterization
of boride layers formed at the surface of gray cast irons, Kovove Mater. 47 (2009) 1–7.) and the simulated
values of the parabolic growth constants. Furthermore, the boride layer thicknesses were predicted and
experimentally verified for three process temperatures and four treatment times.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

One of the coating techniques widely used is boriding. The borid-
ing treatment enables to produce the boride layers on various
metallic materials by a thermodiffusion of boron atoms into their
substrates in the temperature range from 973 to 1273 K for a time
duration of 1–10 h. These generated hard borides with interest-
ing properties improve the friction and wear characteristics of the
boride layers [1].

The boride layers can either have a flat or saw-toothed interface
with the substrate. In high-alloy steels the alloying elements con-
tribute to flatten the interface but in low-alloy steels the interface
has a saw-tooth morphology [2].

The boriding can be carried out in solid, liquid or gaseous media.
Powder-pack boriding has the advantages of simplicity, the flex-
ibility with respect to the composition of the powder, minimal
equipment and cost-effectiveness [3–5].

In ferrous materials (steels and cast irons), a monolayer Fe2B
layer with a saw-tooth shaped is preferred for industrial appli-
cations in comparison with a bilayer configuration consisting of
(FeB + Fe2B) due to the brittleness of the highly stressed (FeB/Fe2B)
interface where crack formation is often observed [6].
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It is known that the automotive industry is the major user of
gray cast irons. The gray cast irons exhibit excellent damping char-
acteristics and a good resistance to corrosion [7].

In order to optimize the parameters of the boriding treatment,
the modeling is considered as a suitable tool to reduce a great num-
ber of experiments on various substrates to be treated.

So, the modeling of the growth kinetics of boride layers has
received much attention to simulate the kinetics of the boride lay-
ers during these last decades. For this purpose, many models [8–17]
were developed in the literature. Most of these models do not con-
sider the influence of the boride incubation time on the kinetics
of the boride layers. And recently, a few published models [18–23]
have incorporated this effect.

In the present work, a diffusion model, taking into account the
effect of the incubation time on the boride growth kinetics, was
proposed. This model is a modified version of a model recently
published and applied to the borided pure iron [18].

By considering the mass balance equation at the (Fe2B/
susbtrate) interface under certain assumptions, it was possible to
estimate the corresponding parabolic growth constant in terms
of two parameters ˛

(
CFe2B

up

)
and ˇ(T) depending on the boron

content in the Fe2B phase and on the process temperature, respec-
tively. The mass gain at the material surface and the instantaneous
velocity of the (Fe2B/susbtrate) interface were also estimated. The
fitting parameter of the model, reflected by the value of the upper
boron content in the Fe2B phase, was obtained in order to repro-
duce the experimental parabolic growth constants in the range of

0169-4332/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.apsusc.2010.03.048

http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:keddam@yahoo.fr
dx.doi.org/10.1016/j.apsusc.2010.03.048


5026 M. Keddam, R. Chegroune / Applied Surface Science 256 (2010) 5025–5030

1173–1273 K taken from a reference work by Campos-Silva et al.
[22].

2. The mathematical model

The used kinetic approach is based on a model which consid-
ers a semi-infinite medium in a substrate to be saturated with
boron atoms. The microstructural nature of the boride layers is con-
trolled by the boron potential. This kinetic parameter is correlated
to the upper boron concentration in the Fe2B phase. From a ther-
modynamic point of view, the upper limit of boron content in the
Fe2B phase which is equal to 9 wt.% was indicated in Refs. [24–26].
This reported value is very consistent with the thermodynamics of
the FeB phase diagram. In fact, Massalski [27] has shown that the
Fe2B phase exhibits a narrow composition range of about 1 at.%. By
adjusting the boron potential, it is then possible to get a monolayer
configuration composed only of Fe2B, after exceeding a maximal
value of the boron solubility in the matrix in accordance with the
Fe-B binary system.

The formulation of this diffusion problem was based on the fol-
lowing assumptions:

(1) The growth of the borided layer occurs in a moving flat front
parallel to the sample surface.

(2) A linear concentration-profile is assumed through the Fe2B
boride layer due to its narrow composition range (see Fig. 1).

(3) The Fe2B iron boride nucleates on the material substrate after
a certain incubation time.

(4) Local equilibrium is attained at the moving interface.
(5) The flux of the Fe atoms is neglected as a contributing factor of

the layer growth.
(6) The borided layer is thin as compared to the thickness of the

sample.
(7) The diffusion coefficient of boron in Fe2B phase is independent

of concentration and follows an Arrhenius relationship.
(8) The temperature in the treated sample is identical during the

whole process.
(9) No effect of the alloying elements on the boron diffusion.

Fig. 1. A schematic concentration profile of boron through the Fe2B layer. The
hashed area is relative to the amount required to advance the Fe2B phase by an
infinitesimal distance, du.

The initial condition was established as:

CFe2B[x(t > 0) = 0] = 0

The boundary conditions were set as:

CFe2B[x(t = t0) = 0] = CFe2B
up for CB

ads > 8.83 wt.% B

CFe2B[x(t = t) = u] = CFe2B
low for CB

ads < 8.83 wt.% B

where CFe2B
up denotes the upper limit of boron concentration in the

Fe2B phase, CFe2B
low is the lower limit of boron content in the Fe2B

phase and equals to 8.83 wt.% B. CB
ads is defined as the absorbed

boron concentration [12] at the boride layer.
The conservation of the mass balance [28] at the

(Fe2B/susbtrate), given by the first Fick’s law, can be expressed by
Eq. (1):[(

CFe2B
up + CFe2B

low

)
2

− C0

]
du

dt
= DFe2B

B

(
CFe2B

up − CFe2B
low

)
u

(1)

where C0 represents the boron solubility in the substrate and equals
to 35 × 10−4 wt.% B [10]. du/dt is the velocity of the (Fe2B/susbtrate)
interface and u is the Fe2B layer thickness. The diffusion coefficient
of boron in the Fe2B iron boride, expressed in (m2 s−1), was taken
from Ref. [21] and it is given by Eq. (2):

DFe2B
B = 3.34 × 10−4 exp

(
−175 kJ mol−1

RT

)
(2)

where R is the universal gas constant (= 8.314 J/mol K), and T rep-
resents the absolute temperature in Kelvin.

Eq. (1) can be rewritten as:[(
CFe2B

up + CFe2B
low

)
/2 − C0

CFe2B
up − CFe2B

low

] u∫
0

udu = DFe2B
B

t∫
t0(T)

dt (3)

The Fe2B layer thickness is expressed by Eq. (4):

u = k
[

t1/2 − t1/2
0 (T)

]
(4)

where t0(T) is the boride incubation period which is a temperature-
dependent parameter and it is a time to reach saturation in
the substrate. k represents the parabolic growth constant at the
(Fe2B/substrate) interface.

By substituting Eq. (4) in Eq. (3) and after rearrangement, the
expression of the squared parabolic growth constant was obtained
as:

k2 = 2DFe2B
B

[
CFe2B

up − CFe2B
low(

CFe2B
up + CFe2B

low

)
/2 − C0

][
1 + (t0(T)/t)1/2

1 − (t0(T)/t)1/2

]
(5)

By setting C0 = 0, due to the very low boron solubility in the
matrix, Eq. (5) can be rewritten as follows:

k2 = 4˛
(

CFe2B
up

)
ˇ(T)DFe2B

B (6)

with ˛
(

CFe2B
up

)
= CFe2B

up −CFe2B
low

CFe2B
up +CFe2B

low
and ˇ(T) = 1+(t0(T)/t)1/2

1−(t0(T)/t)1/2

The ˛
(

CFe2B
up

)
parameter is correlated to the boron concentra-

tion in the Fe2B phase. It is seen from Fig. 2 that this parameter
varies linearly with the boron content in the Fe2B phase. This linear
relationship is described by Eq. (7) employing a linear regression
with a correlation factor equals to 0.999:

˛ = 5.6 × 10−2CFe2B
up − 0.4945 (7)
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