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In this work, a diffusion model was applied to estimate the boron diffusion coefficients in the Fe2B layers on the
ASTM A-536 ductile iron in the temperature range 1173-1273 K by the powder-pack boriding. The mass balance
equation at the (FepB/substrate) interface was formulated considering the effect of boride incubation times. As a
result, the value of activation energy for boron diffusion in the ductile iron was estimated and compared with the
literature. To verify the validity of the present model, the experimental FesB layer thickness obtained at 1173 K
for 10 h was compared to the predicted value. A good concordance was observed between the predicted value of

FesB layer thickness and the experimental data.
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1. Introduction

Ductile iron is widely used in the automotive indus-
try and in manufacturing of machine parts because of its
excellent mechanical properties, castability, machinabil-
ity, and low production costs [1, 4]. However, it has a
disadvantage of a low abrasive wear resistance. Hence
the boriding process is highly recommended for enhanc-
ing the wear performance of ductile iron and increasing
its surface hardness. The boriding process can be car-
ried out in solid, liquid, and gaseous medium. Among
the boriding methods, the pack-boriding has many ad-
vantages that make it potentially the most industrially
efficient [5].

The boriding process is a thermochemical treatment in
which the boron atoms diffuse into the surface of ferrous
alloys to produce hard boride layers improving their re-
sistance against wear and corrosion [6]. From a kinetic
point of view, a few diffusion models were reported for
modeling the growth kinetics of FeyB layers on the sur-
faces of gray cast irons [7-9]. However, there is only one
reference work regarding the simulation of the growth
kinetics of FesB layers in case of ductile iron ASTM A-
536) [10].

The aim of the present work was to investigate the
growth kinetics of FeyB layers grown on the ductile cast
iron including the effect of boride incubation times. The
model was able to estimate the diffusion coefficient of
boron through the FesB layers at each boriding tem-
perature by using the continuity equation. The present
model can also be used to predict the boride layer thick-
ness according to the practical utilization of this kind of
ductile cast iron in the industry for the wear resistance
requirement. For this purpose, an alternative diffusion
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model [11] was applied for estimating the value of activa-
tion energy for boron diffusion in the ductile iron (ASTM
A-536) valid in the temperature range 1173-1273 K. Dur-
ing the formulation of diffusion model [11], a boron con-
centration profile through the FesB layers was assumed
to be nonlinear with the presence of boride incubation
times during the formation of these layers with a single
phase. In this kinetic model [11], a non-dimensional pa-
rameter that depends on the values of upper and lower
boron concentrations in the FesB phase was introduced
in order to estimate the boron diffusivity in the Fe;B
layers for the considered temperature range.

However, in the diffusion model applied by Lopez-
Perrusquia [10], a linear profile for the boron distribution
along the FeoB layer was taken with an expression of the
time dependence of boride layer thickness different from
that used in the present diffusion model.

Moreover, to verify the validity of this diffusion model,
the experimental FesB layer thickness obtained at 1173 K
for 10 h was compared to the predicted value.

2. The diffusion model

2.1. The mass balance equation

The model considers the formation of FesB layer on
a saturated substrate with boron atoms as shown in
Fig. 1. CFe® (= 59.8 x 10° mol m™3) defines the

upper limit of boron content in FesB , whereas Cﬁ;ﬁB
(= 59.2x 102 mol m~3) represents the lower limit of boron
content in FesB [12]. The term du is an infinitesimal in-
crease in the FesB layer thickness during the time step
dt. The term C,q4s is the effective boron concentration
during the boriding process [13]. The activation energy
associated with the adsorption phenomenon depends on
the surface coverage of adsorbed species. When the ad-
sorbed boron concentration is sufficient on the sample
surface, the FesB layer is formed and proceeds to grow.
The term Cj represents the boron solubility in the matrix
which is very low and can be neglected [14, 15].
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Fig. 1. Schematic boron-concentration profile through
the FesB layer.

The assumptions taken into account during the formu-
lation of diffusion model are the following;:
— The growth kinetics is controlled by the boron diffu-
sion in the FeyB layer.
— The Fe;B phase nucleates after a specific incubation
time.
— The FeyB layer grows because of the boron diffusion
perpendicular to the specimen surface.
— Boron concentrations remain constant in the boride
layer during the treatment.
— The boride layer is thin compared to the sample thick-
ness.
— A uniform temperature is assumed throughout the
sample.
— Planar morphology is assumed for the phase interface.
The boundary conditions are given by Eqgs. (1) and (2):

Cre,p {[t = to(T)] = 0,t0(T)} = Cp2®

for Chgs = 59.2 x 10°mol m ™3, (1)

CF€2B {Z’(t = t) =u, t} — CFe2B

low

for Cuys < 59.2 x 10°mol m 3 (2)
for0 <z <.
The mass balance equation (or the continuity equa-

tion) at the (FesB/substrate) interface can be formulated
by Eq. (3) as follows:

1 FeoB Fe2B du _
2 (C“P * Clow 200) at
o8B 0CFe,B(2,1)
e e vl I (3)

The boron concentration along the FesB layer is given
by the Fick second law
OCreyB(:1) _ 1 ype,8 0°Cre,B(2,1) @)
ot B 2 '
Its solution is expressed by Eq. (5), if the boron diffusion
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coeflicient in the Fe;B layer is constant
Cre,p(x,t) = 05;2]3

B ko
erf (W>

Equation (5) was obtained from the boundary conditions
given by Egs. (1) and (2).

After derivation of Eq. (5) with respect to the distance
x(t) and substitution into Eq. (3), Eq. (6) is deduced

1 du
= (CFe2B o oFe2B _ 90 ) du
2( up + low 0 dt
2
Fe;B exp | — —%+5
Dy (CFeQB _ CFegB) P ( 4Dy QBt)
- up low

- (6)
erf (2\/DFeth)
for0<z <wu.

The expression of FesB layer thickness (um) can be
expressed by Eq. (7):

w=2e\/ Dt = 22\ DEP [togs +00(T), (1)
where t.5r represents the effective growth time of the
FeoB layer [11, 16|, to(T) is the boride incubation time
depending on the boriding temperature for the Fe;B layer
and t is the treatment time.

The use of Eq. (7) is acceptable from a practical point
of view since it has been observed in many experiments.
After derivation of Eq. (7) with respect to the time ¢
and substitution into Eq. (6), Eq. (8) was derived [11]:
% (CleeP + CfzP — 2Cp ) e =

low

Lexp(=€?) [ pesB _ FesB

7 erf(e) (C"p Clou ) ' (8)
The € growth parameter depends on the values of boron
concentration at the (FeoB/ substrate) interface. It
can be estimated numerically by the Newton—Raphson

method [17].

3. Simulation results and discussions

To determine the values of boron diffusion coefficients
in the FeyB layers formed on the ductile cast iron (ASTM
A-536), the experimental data found in the reference
work [10] on the borided ductile cast iron were used to
validate the diffusion model. In this reference work, the
powder-pack boriding was carried out at the three tem-
peratures (1173, 1223, and 1273 K) for 6, 7, and 8 h using
B4C Durborid as a boriding medium. Additional exper-
iment was made at 1173 K for 10 h to verify the validity
of the present diffusion model.

Figure 2 describes the evolution of the square of Fe;B
layer thickness as a function of time.

The experimental values of parabolic growth con-
stants [10] at the FeoB/substrate interface were obtained
from the slopes of the curves relating the square of the
boride layer thickness against the treatment time accord-
ing to Eq. (9):
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Fig. 2. Evolution of the square of Fe2B layer thickness
as a function of time.

u? = K2[t — to(T)]. (9)
Table I summarizes the experimental values of parabolic
growth constants at the FesB/substrate interface in the
temperature range 1173-1273 K along with the corre-
sponding incubation times [10]. From Table I it is seen
the boride incubation time is decreased as the borid-
ing temperature increases as reported in other stud-
ies [12, 18, 19].

TABLE I

Experimental values of parabolic growth constants at the

Fe;B/substrate interface along with the corresponding
boride incubation times.

Parabolic growth Boride incubation
T [K] —0.5 .
constants k [ums™"] time to(7T) 3]
1173 0.5386 11012
1223 0.6796 8743.9
1273 0.9486 2705.8

3.1. Estimation of the boron activation energy

To estimate the value of boron diffusion coefficient in
the Fe;B layers at each boriding temperature, it is neces-
sary to plot the variation of the FeoB layer thickness as a
function of the square root of time according to Eq. (7).
The slope of the straight line at each temperature repre-

sents the value of the growth constant (= 2¢4/Dp?®).

Table II provides the estimated value of boron diffusion
coeflicient in the Fe;B layer at each boriding temperature
together with the value of € growth parameter estimated
from Eq. (8) and the corresponding values of parabolic
growth constants.

The temperature dependence of the boron diffusion co-
efficient in the FesB layer is expressed by Eq. (10):

DEe2B — D exp _Q , 10
B RT

where Dy is the diffusion coefficient of boron extrapolated
at a value of % = 0. The Q) parameter is the activation
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TABLE II

The estimated values of boron diffusion coefficients in the
Fe2B layers in the temperature range of 1173-1273 K.

FesB FeaB

T K] The e growth 25\/DB DB2 )
parameter [ems 09 [pm<s™]

1173 0.403718 8.0935
1223 0.070954644 0.548893 14.9608
1273 0.896249 39.8874

energy which indicates the amount of energy (kJ mol~1)
required for the reaction to occur, and R is the ideal gas
constant (R = 8.314 J/(mol K)).

The value of activation energy for boron diffusion @
can be readily obtained from the slope of the curve re-
lating ln(DgezB) to the inverse of temperature. Figure 3
describes the temperature dependence of boron diffusion
coefficient in the FeyB layer.

-23.6 — T
FeB i
In(D) = (-23729.2/T - 5.37936)
-24.0 — B -
] Q=197.28 kJ mol’
o0 2449 R'=0.976 -
£
o, = 1
O
-0 .24.8 4 -
c
. | -
-25.2 -
-25.6 —
7.80E-4 8.00E-4 8.20E-4 8.40E-4 8.60E4
-1
Inverse of temperature [ K]
Fig. 3. Arrhenius relationship between the boron dif-

fusion coefficients and the boriding temperature.

As a result, Eq. (11) was obtained according to the
Arrhenius relationship as follows:

DE®B = 4.6 x 10_3exp(—197'i§;J/m01) m?s (11
Table IIT lists the values of activation energies for
boron diffusion in some borided cast irons [7-10,
20-22] together with the value of activation energy
(197.28 kJ/mol) estimated from this work. It is noticed
that the reported values of activation energies for boron
diffusion in the cast irons depend on various factors such
as: the boriding method, the chemical composition of the
substrate, the nature of boriding agent and the mecha-
nism of boron diffusion. It is seen also that the reported
values of activation energies in Table III depend on the
method of calculation.

8.2. Experimental validation of the diffusion model

To check the validity of the present model, additional
boriding condition was considered. Table IV shows a
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TABLE III

Values of activation energies for boron diffusion obtained
in borided cast irons by the pack-boriding process.

Cast

. Method

iron |Q [kJ/mol] of caleulation Refs.

type
gray 177.4  |diffusion model [7]
gray 209.0  |empirical approach [20]
gray 134.21 |empirical approach [21]
gray 184.2  |diffusion model [8]
gray 175 diffusion model [9]
nodular| 212.28 |empirical approach [22]
ductile 155.7  |diffusion model [10]
ductile 197.28  |diffusion model present work

comparison between the experimental values of FesB lay-
ers thickness [10] with the values predicted by Eq. (12)
at the temperature of 1173 K for 10 h. A good agree-
ment was observed between the predicted value and the
experimental result

FesB
w= i 0522}3 - ClouQ) eXp(_€2) DFegBt (12)
VI CEB £ CFeB erf(e) VTR

TABLE IV

Comparison between the simulated value of FesB layer
thickness and the experimental FesB layer thickness.

T K] FesB layer thickness [um)]
Predicted using Eq. (12) Experimental
1173 73.73 72.04

4. Conclusion

An alternative diffusion model was used to estimate
the boron diffusion coefficients in the FesB layers on
the ASTM A-536 ductile iron in the temperature range
1173-1273 K by the powder-pack boriding. The prin-
ciple of mass balance equation was considered at the
(FeoB/substrate) interface taking into account the oc-
currence of boride incubation times during the formation
of Fe;B layers. As a consequence, the value of activation
energy for boron diffusion in the ductile iron was equal
to 197.28 kJ /mol and compared with the literature data.

To verify the validity of the present model, a compari-
son was made between the experimental FesB layer thick-
ness and the predicted value for the sample pack-borided
at 1173 K for 10 h. A good agreement was obtained be-
tween the experimental value and that of predicted by
the present model.
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