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Abstract A kinetic model was suggested to study the
growth kinetics of Fe,B layers on AISI H13 steel via the
pack-boriding method in the temperature range of
1,123-1,273 K. This model was based of the principle of
mass conservation at the (Fe,B/substrate) interface where
the boride incubation time was independent of the boriding
temperature. The model was also validated experimentally
by comparing the experimental Fe,B layers thicknesses
with the predicted values at 1,173 K during 7 h, 1,223 K
during 5 h, 1,253 K during 2 h and 1,273 K for 3 h. The
Fe,B layers grown on AISI H13 steel were characterized
by use of the following experimental techniques: optical
microscopy, scanning electron microscopy, energy disper-
sive X-ray spectroscopy and X-ray diffraction analysis. In
addition, a contour diagram describing the evolution of
Fe,B layers as a function of the boriding parameters (time
and temperature) was proposed. Finally, the boron
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CIF:\;B Lower limit of boron content in
Fe,B (=59.8 x 10° mol m™)

CB Adsorbed boron concentration in the

ads
boride layer (mol m)

Homogeneity range of the Fe,B
layer (mol m>)

a =28 — ¢ Miscibility gap (mol m™>)

Co Terminal solubility of the interstitial

solute (~0 mol m73)

__ (FesB Fe,B
ar = Cup - Clow

Cre,Bx (1)) Boron concentration profile in the
Fe,B layer (mol m_3)

erf(x/2+/Dre,pt) Error function (it has no physical
dimensions)

Vo Initial Fe,B layer (m)

€ Normalized growth parameter for
the (Fe,B/substrate) interface (it
has no physical dimension)

Dre,B Diffusion coefficient of boron in the

Fe,B phase (m*s™h

Fluxes of boron atoms in the (Fe,B/
substrate) interface boundary

(mol m—2 s™ 1)

Jilx(®)], (with i
= Fe,B and Fe)

1 Introduction

Boriding is a thermochemical treatment widely used to harden
the surface of steel and alloys. Itis defined as an enrichment of
the surface of a workpiece with boron by thermodiffusion [1].
In the case of steels or Armco iron, this process forms very
hard and wear resistant iron borides (i.e. Fe,B and FeB) on the
surface. It modifies the properties of ferrous alloys by
improving the surface hardness, wear resistance and corrosion
resistance [2]. The possibility of formation of Fe,B and/or
FeB boride layers depends on the boron activity in the reactive
medium and the chemical composition of the substrate as well
as on the boriding parameters (time and temperature).
Boriding of ferrous alloys is generally realized in the
temperature range of 800-1,050 °C for treatment times
ranging from 0.5 to 10 h, by use of a boron source in dif-
ferent states such as solid powder, paste, liquid, gas and
plasma. The widespread used method is pack-boriding
(similar to pack-carburizing) because of its technical
advantages [3]. Generally, the commercial boriding mixture
is composed of boron carbide (B4C) as donor, KBF, as an
activator and silicon carbide (SiC) as a diluent to control the
boriding potential of the medium. The morphology of the
boride layer is influenced by the presence of alloying ele-
ments in the matrix. Saw-tooth shaped layers are obtained in
low-alloy steels or Armco iron whereas in high-alloy steels,
the interfaces tend to be flat. A monophase Fe,B layer is
desirable for the intended applications in industry because of

@ Springer

difference between the specific volume and coefficient of
thermal expansion of boride and the substrate [4, 5]. The
modeling of the boriding kinetics is considered as a suitable
tool to select the optimum process parameters for obtaining
adequate boride layers thicknesses in relation with their
practical applications [6]. So, the modeling of the growth
kinetics of boride layers has gained much attention to sim-
ulate the boriding kinetics during these last decades. Several
diffusion models [7-20] were reported in the literature
concerning the solid boriding method (paste or powder) with
and without the effect of boride incubation times.

In the present study, a kinetic model was suggested to
estimate the boron diffusion coefficients through the Fe,B
layers grown on AISI H13 steel. The model was also val-
idated by comparing the Fe,B layers thicknesses with the
predicted values for the borided samples at 1,173 K during
7 h, 1,223 K during 5 h, 1,253 K during 2 h and 1,273 K
during 3 h. The obtained boride layers on AISI H13 steel
were characterized by means of the following techniques:
optical microscopy, scanning electron microscopy coupled
to EDS and XRD analysis. The boron activation energy for
AISI H13 steel was also estimated in the temperature range
of 1,123-1,273 K by use of a kinetic model.

2 The Kinetic Model

The model considers the growth of Fe,B layer on a saturated
substrate with boron atoms as displayed in Fig. 1. The boron
potential allows only the formation of a single phase (Fe,B) on
the surface of treated substrate. The f(x, ) function illustrates
the boron distribution in the austenite matrix before the
nucleation of Fe,B phase. #,” denotes the incubation time
required to form the Fe,B phase when the saturation state is
reached within the substrate with boron atoms. Cy " is the
upper limit of boron content in Fe,B (=60 x 10* mol m™3)
while C[2® represents the lower limit of boron content in
Fe,B (=59.8 x 10° mol m ™). x(r = ) = v is the position of
the (Fe,B/substrate) interface as a function of the treatment
time or the Fe,B layer thickness [6, 21, 22].

The boron concentration (Cre,p[x(?),7] =A + Berf
(x/+/4Dre,pt)) in the Fe,B layer (see Fig. 1) is the solution of
Fick’s Second Law in a semi-infinite medium, and it depends
on the position x(f) and ¢ time (cf. the small homogeneity
ranges of about 1 at.% for the Fe,B layer [23]). A and B are
constants to be determined from the initials and boundary
conditions of the diffusion problem. It is also assumed that the
boron surface concentration and interface concentration do
not change during boriding process. The term CB_ is the
effective adsorbed boron concentration during the boriding
process [24]. From Fig. 1, a; = CE]?B — ;2P defines the

homogeneity range of the Fe,B layer, a, = CE;Z,B —Cp is

the miscibility gap [19, 20] and C, the boron solubility in the
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Fig. 1 Schematic boron- concentration profile through the Fe,B layer

matrix. The diffusion zone underneath the Fe,B layer can be
neglected (Cy ~ 0 mol m>) [25, 26] due to the lower sol-
ubility of boron. The following assumptions are taken into
consideration during the formulation of the diffusion model:

— The growth kinetics is controlled by the boron diffusion
in the Fe,B layer.

— The Fe,B iron boride nucleates after a certain incuba-
tion time.

— The boride 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 thickness.

— A uniform temperature is assumed throughout the sample.

— Planar morphology is assumed for the phase interface.

The initial and boundary conditions for the diffusion
problem are represented as:
t=0, x>0, with: Cpe,p[x(#), r=0] = Cy = 0. (1)
Boundary conditions:
Cres [x(t = £7)
(the upper boron concentration is kept constant),
for C3, > 60 x 10°> mol m?, (2)

=vo, 1 =1,""] = C;?°

CFCQB [x(t = t) =v,I1= t] — CFezB

low

(the boron concentration at the interface is kept constant),
CB,.<59.8x 10°molm ™, (3)

Vo is a thin layer with a thickness of ~5 nm that formed
during the nucleation stage [27]. Thus vy (~0) when

compared to the thickness of Fe,B layer (v). The mass
balance equation at the (Fe,B/substrate) interface can be
expressed by Eq. (4) as follows:

CFezB + CFezB _2C
( o "V A-av) = Jrep(x=v,1=1) (A -di)
—Jr(x=v+dv,t=1)(A-dr), (4)

where A(=1.1) is defined as the unit area and C, represents
the boron concentration in the matrix. The flux Jg.,p and
Jre are obtained from the Fick’s First law as:
JreB[X(t=1)=v, 1 =1]

= —{Drep0Crelx(t = 1) = v, 1 = 1] /ox} _ (5)
and

Jrex(t=1)=v+dv, t =1
= 7{DF66CF6[X(Z‘ = t) =v+dv, t= t]/ax}

X=v+dv’
(6)

The term Jr, is null since the boron solubility in the
matrix is very low (Cp =~ 0 mol m73) [25, 26]. Thus,
Eq. (4) can be rewritten as follows:

(Cfng + P = 2C0 ) dx(r)

2 dt M) =v
OCre,p[x(r =1),t = 1]
Ox

= — D,

(7)
x(t) = v
If the boron concentration profile in Fe,B is constant for
the treatment time, the Fick’s Second law is reduced to an
ordinary second-order differential equation as follows:

OCre,p[x(1), 1] 0% Cre,p [x(1), 1
e ali). 1] Torep il 8)

By solving Eq. (8), and applying the boundary
conditions proposed in Egs. (2) and (3), the distribution
of boron concentration through the Fe,B layer is given by
Eq. (9) if the boron diffusion coefficient in Fe,B is constant
for a particular temperature:

= Dr,

IFezB _ (CFeB
CFeZB[x(t)y t} — Cf;zB + ow up

e’f (2\/5T21;f>

X
e’f (2\ / DFeth> '

9)
By substituting Eq. (9) into Eq. (7), Eq. (10) is
obtained:

CheB 4+ P — 2C0) dv
2 dt

Dk, CESZB - ClFﬁB . v? (10)

= x S —
p 4DFeth ’

Tt v
e’f (2\/@)
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for0 <x <w.
The Fe,B layer thickness varies with the square root of
time as follows:

v =2eDy/ 22, (11)

By substituting the derivative of Eq. (11) with respect to

the time, Eq. (12) is obtained:
. Fe,B

(css-B bl - zco> )

Fe,B _ Fe;B
1 Cup Clow

2 n  erf(e)

(12)

The normalized growth parameter (¢) for the (Fe,B/
substrate) interface can be estimated numerically by the
Newton—Raphson method [28]. It is assumed that the
following boron concentrations: ngzB, CE)ZB, and Cy, do
not depend significantly on temperature (in the considered
temperature range) [19, 20, 22].

A schematic representation of the square of the Fe,B

layer thickness as a function of time (v? = 4&?Dpe,pt =

46> Drep (ty + 16°%)) is illustrated in  Fig. 2 where
tv(=t—1,") is the effective growth time of the Fe,B

layer and ¢ the treatment time.

3 Experimental Procedure
3.1 The Boriding Process
The AISI H13 steel was used as a substrate in the pack-

boriding experiments. It has a nominal chemical compo-
sition of 0.32-0.45 % C, 0.80-1.20 % Si, 0.20-0.50 % Mn,

FEL W
r 4

“
N

Squared layer thickness (pm )z

h 4

0 Effective growth time of the Fe2B layer t
FesB_ N
( tc: 2 Ld r v 7
Boride
incubation
time Treatment time
£ 3
oy t F

Fig. 2 Schematic representation of the square of the layer thickness
against treatment time

@ Springer

——P " exp(—¢?).

0.030 % P, 0.030 % S, 4.75-5.50 % Cr, 1.10-1.75 % Mo,
0.80-1.20 % V. The samples are cubic shaped of a nominal
dimension of 10 mm x 10 mm x 10 mm. Before borid-
ing, the samples were polished, ultrasonically cleaned in an
alcohol solution and deionized water for 15 min at room
temperature, and dried and stored under clean-room con-
ditions. Then all samples to be borided were packed in a
Durborid fresh powder mixture sealed in a stainless steel
container (AISI 304. L). Boriding was performed in a
conventional electrical resistance furnace under a pure
argon atmosphere in the temperature range of
1,123-1,273 K. At the end of boriding process, the con-
tainer was removed from the furnace and slowly cooled to
room temperature.

3.2 Experimental Techniques

The microstructures of polished and etched cross-sections
of the samples were observed by an Olympus GX51
optical microscope in a clear field and SEM (JEOL JSM
6300 LV). The boride layers thicknesses were automati-
cally measured with the help of MSQ PLUS software. To
ensure the reproducibility of the measured layers thick-
nesses, fifty measurements were collected in different
sections of the borided samples to estimate the boride
layer thickness; defined as an average value of the long
boride needle [29-31]. Figure 3 schematically illustrates
the practical procedure used to estimate the boride layers
thicknesses.

The phases present in the boride layers were identified
by an X-Ray Diffraction (XRD) equipment (Equinox 2000)
using CoK,, radiation of 0.179 nm wavelength. The dis-
tribution of certain elements along a cross-section of the
boride layer was determined by Electron Dispersive
Spectroscopy (EDS) equipment (JEOL JSM 6300 LV)
from the surface.

,m;;g,-de_//// 770007
o

44

— \\\\\\\\\U\\
Una;:;md I 2 yl

i=1
n

Layer thickness =

—

Fig. 3 Schematic diagram illustrating the procedure for estimation of
boride layer thickness in AISI H13 steel
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4 Results
4.1 OM Observations of the Boride Layers

Figure 4 shows the optical images of the cross-sections of
borided layers at the surface of AISI H13 steel formed at
1,173 K for increasing treatment times. The obtained
microstructure of boride layers are compact and continu-
ous, having a flat interface.

4.2 SEM Observations and EDS Analysis

Figure 5a shows the SEM micrograph of the cross-section
of boride layer formed at the surface of borided AISI H13
steel at 1,123 K for 4 h of treatment. The obtained boride
layer exhibits a flat interface. The EDS analysis obtained
by SEM is shown in Fig. 5b and c.

4.3 X-ray Diffraction Analysis

Figure 6 shows the XRD pattern recorded on the surface of
borided AISI H13 steel at a temperature of 1,273 K for a
treatment time of 8 h. The presence of Fe,B was confirmed
by XRD analysis where chromium borides such as CrB and
Cr,B were also detected.

4.4 Estimation of Boron Activation Energy

To determine the boron mobility in the Fe,B layers,
it is necessary to solve the mass balance equation at the

Fig. 4 Optical micrographs of
the boride layers formed at the
surface of AISI H13 steel
treated at 1,173 K during a
variable time: a2 h,b4 h,c6 h
and d 8 h

(Fe,B/substrate) interface (see Eq. (12)) using the Newton—
Raphson numerical method [28]. The experimental results
in terms of boride layers thicknesses are then needed to
estimate the diffusion coefficients of boron in the Fe,B
layers by assuming the Arrhenius equation. Figure 7 shows
the time dependence of the squared value of Fe,B layer
thickness for increasing temperatures. The values of
growth constants (=4¢*Dre,p) can be deduced from the
slopes of the straight lines represented on Fig. 7.

Table 1 gathers the estimated value of boron diffusion
coefficient in Fe,B at each temperature along with the
squared normalized value of ¢ parameter determined from
Eq. (12).

The temperature dependence of boron diffusion coeffi-
cient in the Fe,B layers is expressed by:

Dre,g = Dy exp (%) , (13)

where Dy is a pre-exponential constant, Qpe, the boron
activation energy (J mol™'), T the absolute temperature in
Kelvin and R = 8.314 Jmol™' K™' is the ideal gas
constant. The activation energy for the boron diffusion in
the boride layer was determined by the slopes obtained in
the plot of In Dge,p versus (1/7), using Eq. (14):

QFezB
RT

In Dge,g = In Dy — (14)

The temperature dependence of boron diffusion
coefficient (in m? s~ ) though the Fe,B layer was shown

@ Springer



438

Trans Indian Inst Met (2015) 68(3):433-442

Fig. 5 a SEM micrographs of
the cross-sections of the borided
AISI H13 steel at 1,123 K for
4 h, b EDS spectrum of borided
sample at surface and ¢ EDS
spectrum of borided sample at
interface

(b)
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in Fig. 8. A linear fitting was used to obtain Eq. (15) with a
correlation factor of 0.9814.

233 kJmoll)

(15)

Drep =3.0x 107! exp< RT

This amount of energy is required to stimulate the boron
diffusion along a [001] preferred direction due to the
anisotropic nature of Fe,B.
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4 ) 12 15 18
Energy (keV)

Table 2 compares the found boron activation energy for
AISI H13 steel with other values for the borided AISI M2
and AISI H13 steels [32-36].

4.5 Validation of the Diffusion Model

The validation of the present model was achieved by
comparing the experimental Fe,B layer thickness with the
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Fig. 6 XRD pattern obtained at the surface of the borided AISI H13
steel at 1,273 K for 8 h of treatment
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Fig. 7 The time dependence of the squared value of Fe,B layer
thickness at increasing temperatures

predicted value, obtained on the AISI H13 steel borided at
1,173 K during 7 h, 1,223 K during 5 h, 1,253 K during 2 h
and 1,273 K for 3 h. Equation (16) predicts the experimental
Fe,B layer thickness for the given boriding conditions.

17DFeth
i1y 16
v 2500 (16)

Figure 9 shows the optical image of the Fe,B layer
formed at 1,173 K during 7 h, 1,223 K during 5 h, 1,253 K
during 2 h and 1,273 K during 3 h of treatment.

Table 1 The squared value of normalized growth parameter and
boron diffusion coefficients in Fe,B as a function of boriding
temperature

Temperature (K) Type of layer &% (dimensionless) 4£2DFeZB

(um? s~

1,123 Fe,B 1.747141 x 107> 3.00 x 1072
1,173 8.00 x 1072
1,223 3.00 x 107!
1,273 5.00 x 107!

-23,38

InDigye=-27991 T - 1.8799
2408 + ©
R?=0.9814

-24,78
E -25,48
g
£

-26,18 -

-26,88 -

-27,58 + + + + +

7,8 8 8,2 8,4 8,6 8,8 9

Inverse of temperature (x10%) K1

Fig. 8 The temperature dependence of boron diffusion coefficient in
the Fe,B layer

Table 3 compares between the experimental Fe,B layers
thicknesses and the predicted values using Eq. (16).

A good agreement was then obtained between the
experimental values of Fe,B layers thicknesses and the
predicted results for the borided AISI H13 steel obtained at
1,173 K during 7 h, 1,223 K during 5 h, 1,253 K during
2 h and 1,273 K during 3 h of treatment. A contour dia-
gram giving the evolution of Fe,B layer thickness as a
function of boriding parameters (time and temperature) is
represented on Fig. 10.

5 Discussion

The H13 steel was pack-borided in the temperature range
of 1,123-1,273 K for studying the kinetics of formation of
Fe,B layers. The XRD analysis confirmed the presence of
Fe,B phase besides the chromium borides such as CrB and
Cr,B. In this context, The XRD results reported by Genel
[34] also indicated the existence of chromium borides (CrB

@ Springer
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Table 2 A comparison of the boron activation energies for two bo-
rided steels

Material Boriding method ~ Qp,,p (kJ mol") References
AISI H13  Salt-bath 244.37 [32]

AISI M2 Powder 207 [33]

AISI H13  Powder 186.2 [34]

AISI HI3  Powder 213.92 [35]

AISI HI3  Powder 189.6 [36]

AISI HI3  Powder 233 Present study

and Cr,B) for the pack borided AISI H13 steel at 1,123 K
for a treatment time of 1 h. The elements chromium and
vanadium enter via a partial substitution into the lattice of
the Fe,B phase. In contrast, molybdenum has a much lower
tendency to dissolve in the boride layer, tending to con-
centrate beneath the boride layer [37].

The microscopical examinations by OM and SEM
revealed the formation of a single layer Fe,B with a flat
morphology. This particular morphology is attributed to the
presence of the alloying elements in the substrate of AISI
H13 steel and can be explained by the existence of acti-
vated diffusion pathways in the Fe,B crystal lattice. It is
known that the alloying elements modify the morphology
of (boride layer/substrate) interface and tend to concentrate
at the tips of the boride needles by generating a flat mor-
phology. The concentration of the alloying elements also
diminishes the active boron flux in this zone by reducing
the boride layer thickness [38]. It is seen that the boride

Fig. 9 Optical micrograph of
the cross-section of the borided
AISI H13 steel at: a 1,173 K for
7 h, b 1,253 K for 2 h and
c1,223 Kfor3 handd 1,273 K
for 3 h of treatment

@ Springer

Table 3 Predicted and estimated values of the Fe,B layers thick-
nesses obtained at 1,173 K during 7 h, 1,223 K during 5 h, 1,253 K
during 2 h and 1,273 K during 3 h of treatment

T(K) Time Type Boride layer thickness  Experimental
(h) of layer (um) estimated boride layer
by Eq. (16) thickness (pm)
1,173 17 46.50 41.54 + 8.03
1,223 5 Fe,B 64.05 61.11 + 6.11
1,253 2 53.29 56.16 £+ 9.36
1,273 3 77.81 74.08 + 7.36

layer thickness varies with the treatment time. As a result,
the boride layer thickness reached a value of
112.11 £ 19.2 pm for 8 h of treatment while its value was
only 47.6 & 17.7 pm for 2 h of treatment. The Fe,B
coating and its growth front are clearly distinguished from
the steel matrix. A transition zone was also noticed beneath
the boride layer in the optical micrographs of Fig. 4. The
EDS analysis shows that chromium element dissolves in
the Fe,B phase, in fact, the atomic radius of Cr
(=0.166 nm) is about the same and larger than that of Fe
(=0.155 nm), and it can then be expected that Cr dissolved
on the Fe sublattice of the borides. The concentration of
manganese seems to be lower than that of iron in the boride
layer due its lower solubility. The deficiency of Mn, Mo
and V results in a negative effect on the boride layer in
terms of both thickness and morphology. Figure 7c points
out that carbon and silicon do not dissolve significantly
over the Fe,B phase and being displaced to the diffusion




Trans Indian Inst Met (2015) 68(3):433-442

441

LI L ) > N ~
1265 R NN < o
: “\ \ \\ N\ s N ‘\\ ~ ~d
N Nqz
: ‘u‘\ \ ¥ \\\\ ~ 11~§\\
1245 R \ \ 3= e ~ =
1 ‘ ' % N 10
\ ~ B e
: \ \ \ b So ~
— ! \ N ~ ~ ~
3 \ \ \ N 8 SO ~
£ 1235 N \ " =
] ' \ \ N v
- \ \ N ~ -
5 1 7
2 A U \ .~
n 1 \ ‘Q ~ ~
= 1205 3 \ \ \ . RS
[ \ \ N S<
a \ 5 h ~ ~.
E A T % o
'] \ a5, o)
= 1185 ! N ~
ag \ 3 N ~
c 1.19.454um \ < N. ~
5 2.23.598um 3 . (N S
€ aasaem N R
; um S
8 1165 1 5 35327um ‘\ b N
6.45.582um 4 \ S “l
7.56.514um ~
8. 60.024:m “ \ RN < \\‘
9.67.174 ~ > o
1145 1 3072 260m i N AN <<
11.79.75um \ N Y S
12.89.28 ~
13.113 5:: N N ™
1125 Boride layer thickne's_s um) N S~
0 5 10 15 20

“Time (x10%) (s)

Fig. 10 Contour diagram describing the evolution of Fe,B layer as a
function of boriding parameters

zone, and forms together with boron, solid solutions like
silicoborides (FeSip4Bg ¢ and FesSiB,) and boroncementite
(Fe3Sig 67Bo.33) [39].
A diffusion model was suggested to estimate the boron
diffusion coefficient in the Fe,B phase according to the
specified boriding conditions. The boron activation energy
was deduced by adopting the Arrhenius relationship. The
value of 233 kJ mol ™' was interpreted for the borided AISI
H13 steel, as the amount of energy for the movement of
boron atoms in the easiest path direction [001] along the
boride layer that minimizes the growth stresses. This value
of energy was then compared with the data available in the
literature. So, the obtained value of boron activation energy
(=233 kJ mol™") for AISI H13 steel was very comparable
to that reported in the reference work [33] for the pack-
boriding process. The estimated boron activation energies
listed in Table 2 depended on the nature of boriding agent
and the chemical composition of the substrate. In fact, the
determination of the boron activation energy for the same
borided steel depends on the method employed (either
empirical approach or mathematical model). This value of
energy can be interpreted as the required barrier to allow
the boron diffusion inside the metal substrate. Thus the
diffusion phenomenon of boron atoms can occur along the
grains boundaries and also in volume to form the Fe,B
coating on the substrate. So the estimated value of boron
activation energy for the AISI H13 steel is consistent with
the data from the literature. The suggested diffusion model
was validated by comparing the experimental Fe,B layers
thicknesses with the predicted values using Eq. (16) for the
borided AISI H13 steel at 1,173 K during 7 h, 1,223 K
during 5 h, 1,253 K during 2 h and 1,273 K for 3 h. A

good concordance was observed between the experimental
Fe,B layer thickness and the predicted value by the model.
The contour diagram presented on Fig. 10 can be used as a
tool to select the optimum value of Fe,B layer thickness in
relation with the potential applications of the borided AISI
H13 steel at industrial scale. As a rule, thin layers (e.g.
15-20 pm) are used to protect against adhesive wear (such as
chipless shaping and metal stamping dies and tools), whereas
thick layers are recommended to combat abrasive wear
(extrusion tooling for plastics with abrasive fillers and press-
ing tools for the ceramic industry). In the case of low carbon
steels and low alloy steels, the optimum boride layer thick-
nesses ranges from 50 to 250 pm, and for high-alloy steels, the
optimum boride layer thicknesses ranges from 25 to 76 pum.

6 Conclusions

In this study, the boriding kinetics of Fe,B layers on the
AISI H13 steel was investigated in the temperature range
of 1,123-1,273 K during a treatment time varying from 2
to 8 h. To determine the boron activation energy of AISI
H13 steel, the mass balance equation was formulated under
certain assumptions.

The estimated boron activation energy was found to be
equal to 233 kJ mol ™', and this result was compared with
the literature data. The validity of the diffusion model was
confirmed by comparing the experimental Fe,B layers
thicknesses obtained, at different temperatures and expo-
sure times, with those predicted by the model. These pre-
dicted values were in good agreement with the
experimental Fe,B layers thicknesses.

In addition, a contour diagram was established to be
used as a tool to select the optimum boride layer thickness
according to the industrial utilization of this steel grade. As
a further work, the present model can be extended for
studying the growth kinetics of (FeB/Fe,B) bilayer grown
on any borided steel.
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