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In the present work, the AISI 4150 steel has been pack-borided in the temperature range of 1123-1273 K for a treatment
time of 2 to 8 h. The mixture of powders containing 20% B4C, 10% KBF,and 70% SiC has been used for producing a single
boride layer (Fe,B) at the surface of AISI 4150 steel. The presence of Fe,B phase has been confirmed by XRD analysis.
The SEM observations have been done to investigate the morphology of boride layers and measure their thicknesses.
The cohesion of boride layers has been evaluated by using the Daimler-Benz Rockwell-C indentation technique.
The borided sample at 1173 K for 8 h has shown a best cohesion of boride layer to the substrate in comparison to the sample
treated at 1173 K during 2 h. Kinetically, different approaches have been used to estimate the boron diffusion coefficients in
the Fe,B layers and to predict the value of Fe,B layer thickness obtained at 1253 K for a treatment time of 2.5 h. The
estimated values of activation energies for boron diffusion in AISI 4150 steel have been in the range of 193.45 to 199.74 kJ
mol ™. These values of activation energies have been depended on the diffusion models used. In addition, a good agreement
has been observed between the experimental value of Fe,B layer thickness obtained at 1253 K for 2.5 h with the predicted

values from these different diffusion models.
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1 Introduction

The boriding treatment is a thermochemical process
in which boron atoms are diffused into the surface of
steel parts resulting in the formation of a wear resistant
boride layer'. The boriding process provides excellent
surface properties such as high hardness, wear,
corrosion and oxidation resistance™. The boriding
treatment requires temperatures ranging from 800 to
1050 °C with a treatment time between 0.5 and 12 h. In
case of ferrous alloys, the boride layer may be either a
single phase layer (Fe,B) or a double phase layer (FeB
and Fe,B) depending on the boron activity in the
boriding agent and also on the boriding parameters
(time and temperature). For tribological applications, a
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single boride layer (Fe,B) is suitable since it is less
brittle and tougher than FeB *°.

The boriding process can be carried out with boron
in different states such as powder *'°, paste'"'?, liquid
P15 gag 1618 plasma'®?'. Amongst all these boriding
techniques, pack -boriding is the most attractive
because of its economic advantage, and it is widely

used in the industry %%

From a kinetic viewpoint, different approaches
about the modeling of the growth of Fe,B layers on
different substrates’™® are available in the literature
data. Certain models considered the occurrence of
boride incubation times during the formation of Fe,B
layers. For example, Elias-Espinosa et al** have
developed a kinetic model based on solving the mass
balance Eq. at the (Fe,B/ substrate) interface by



278 INDIAN J ENG MATER SCI, APRIL 2020

introducing a non dimensional kinetic parameter with
the presence of a constant boride incubation time
independent of the boriding temperature. Similarly,
Ortiz-Dominguez et al.*® have investigated the growth
kinetics of Fe,B layers formed on a gray cast iron
via powder-pack boriding by solving the mass
balance Eq. at the (Fe,B/substrate) interface and
assuming a parabolic growth law for Fe,B. In
addition, Kouba et al.*® have used a sharp interface
approach to solve numerically the growth kinetics of
Fe,B layers on Armco iron by considering
simultaneously the diffusion of boron atoms into the
Fe,B  phase and the displacement of the
(Fe,B/substrate) interface with the treatment time. In
their model, the diffusivity of boron in the austenite
was considered and the boron flux at the surface
before the formation of Fe,B was adjusted in order to
experimentally reproduce the boride incubation time
for Fe,B at a given boriding temperature. A recent
approach based on the integral method was developed
to be applied to the growth kinetics of Fe,B layers on
AISI 12L14 steel”. In this approach, an analytic
solution was obtained from a system formed by
differential algebraic Eq.s (DAE) to get a simple
expression relating the diffusion coefficient of boron
in Fe,B to the square of parabolic growth constant at
the (Fe,B/substrate ) interface.

In the present study, a recent diffusion model based
on the integral method was proposed to estimate the
boron diffusion coefficients in the Fe,B layers on the
AISI 5140 steel’s substrate in the temperature range
of 1123-1273 K. It is noted that this alternative model
was inspired from the reference works™*’. This
kinetic approach was already used to investigate the
growth kinetics of € and y’ iron nitrides formed on the
plasma nitrided pure iron.

The aim of the present work was to investigate the
boriding kinetics of AISI 4150 steel and the cohesion
of Fe,B layers on the surface of AISI 4150 steel. Till
now, there is no kinetic study regarding the pack-
boriding of AISI 4150 steel. For this reason, different
diffusion models were used to estimate the boron
diffusion coefficients in Fe,B in the temperature range
of 1123-1273 K. Basing on our experimental results,
the values of activation energy for boron diffusion in
the AISI 4150 steel were estimated from different
approaches and compared with the literature data.

2 The Kinetic Model Based on the Integral Method
The diffusion model is concerned with the growth
kinetics of Fe,B layer on a saturated substrate with

boron atoms. The boron concentration— profile
through the Fe,B layer is displayed in Fig. 1. The
growth kinetics of the Fe,B layer during a diffusion-
controlled phase transformation in the Fe-B system is
analyzed by taking into account the displacement of
the (Fe,B/substrate) interface.

The difference of the arrival flux of interstitial
boron atoms to Fe,B phase and the departure flux of
the boron atoms from this phase to the matrix leads to
the displacement of the (Fe,B/substrate) interface.
After a time surpassing the boride incubation time

t(f 2%(T), the Fe,B layer begins to form and becomes

continuous and more compact after a prolonged
Fe,B
C.,

boron content in Fe,B (=9 wt.%), C/*** is the lower

low
limit of boron content in Fe,B (=8.83 wt.%) and the
point x(t)=u represents the Fe,B layer thickness. From
a thermodynamic point of view, the Fe,B phase
exhibits a narrow composition range (of about 1 at.

%) as stated by the authors *'. The term C,, is the

adsorbed boron concentration in the boride layer
during the boriding treatment **. C, is the boron

treatment time. denotes the upper limit of

solubility in the matrix which is very low (=0

wt.%)**. The following assumptions are considered

during the establishment of diffusion model %

- The growth kinetics is governed by the
phenomenon of boron diffusion.

- The Fe,B phase nucleates after a certain incubation
period.
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Fig. 1 — A schematic representation of boron concentration

profile through the Fe,B layer
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- Boron concentrations do not vary during the
boriding treatment.

- The boride layer is thin in comparison with the
sample thickness.

- Planar morphology is
(Fe,B/substrate) interface.

The initial and boundary conditions for the diffusion
problem are represented as:

t=0,x>0, with Cp, 4[x(1),t =0]=C, =0 wt.%

assumed for the

(D)

Boundary conditions:

Croplx(t=152")=0,=1,]=C;* for C,, > 8.83wt.%

Q)
Croslx(t =t)=u(t),t =1]= CL* for C,, <8.83 wt.%
. 3)

The boron concentration profile through the Fe,B
layer is described by the Second Fick’s law as
follows:

0*Creo,plx.t]  0Cr, plx.1]
Dre, 3 =

ox ot

L4

where the boron diffusion coefficient in Fe,B depends
upon the boriding temperature. The boron-
concentration profile along the Fe,B layer is
described by the Goodman’s method*’ as follows:

Croplx,1]1= Cpi® + a(t)u(t) — x) + b(t)(u(t) - x)° for

low
0<x<u ... (5

The three time-dependent unknowns a(t), b(t) and
u(t) are subjected to the boundary conditions given by
Egs (2) and (3). It is noted that the two parameters a(t)
and b(t) should be positive because of a decreasing
nature of the boron—concentration profile. By
applying the boundary condition on the surface, Eq.
(6) was obtained:
a(Ou() +bu()’ = (C," =G

By integrating the second Fick’s law between 0 and
u(t) and applying the Leibniz rule, the ordinary
differential Equation (ODE) given by Eq. (7) was
deduced :

u(t) da(t)+ a(tu (t)du(t) u(r)® db(t)
2 dt 3 dt
du(l) (7
+b(t)u(t)’ — == 2Dy, zb(1)u(?)

The mass balance Equation at the (Fe,B/substrate)
interface can be formulated by Eq. (8) as follows:

dx 0Cr, p[x,1]
W— =-D, ,———
dt|_, -
( Fe,B _ FezB)

low

with W:[% +H(Ch? =Cl ... (8)

At the (Fe,B/substrate) interface, the boron
concentration remains constant and Eq. (8) can be
rewritten as:

aCFezB[xat]
ot 0Cp, plx,t]
W) =Dy 9)
oC Fe,B [x,1] : Ox .
ax X=u

Substituting Eq. (4) into Eq. (9) and after
derivation with respect to the diffusion distance x(t),
Eq. (10) was obtained:

(C?? + Crb(t) = a(t)? ... (10

low

Egs (6), (7) and (10) constitute a set of differential
algebraic Eq.s (DAE) in a(t), b(t) and u(t) subjected to
the initial conditions taken from the experimental
results. This resulting DAE system can be solved
analytically. To determine the expression of
boron diffusion coefficient in the Fe,B layers, an
analytic solution exists for this diffusion problem by
setting:

u(t) = k[t -

where u(t) is the Fe,B layer thickness, #; (T the

associated boride incubation time and k the parabolic
growth constant of the Fe,B layer. It is noticed that
the use of Eq. (11) is acceptable from a practical point
of view since it has been observed in many
experiments. After substitution of Eq. (11) into the
DAE system and derivation, the expression of boron
diffusion coefficient was obtained as follows:

FezB(T)]l/Z (11)

CFCZB + CFezB

low
F azB [(_)(C'H?B—CW)

.. (12)

CFezB _ FeB 1
low
(I+ 1+ 4(TCFQB)) + (E)]

up low

along with the expressions of a(t) and b(t) given by
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Eqgs (13) and (14):

Fe,B CFezB
Fe,B Fe,B up low
(Cupe- + Clm(:vz )[_1 + 1+ 4( Fe,B CFezB )]
up + low

a(t)= ... (13)

26t — =P (T)]"?
Fe,B _ ~Fe,B
(€ + i M2+ 4 Ey— )
b(1) = - 2 IOF‘;B
4k2[t 1, (T)]

Fe;B CFeZB

2 1+4 up low
‘g

... (14)
It is seen that the parameters a(t) et b(t) are found
to be positive.

3 Experimental Details
3.1 The material and the boriding process

The AISI 4150 steel was used as the substrate in
this study. It had a nominal chemical composition of
0.48-0.53% C, 0.20-0.35% Si, 0.75-1.00% Mn,
0.80-1.10% Cr, 0.15-0.25% Mo, 0.035 % P and
0.040% S. The samples to be treated were cut to
dimensions of 10 mmx10 mmx10 mm. Before the
boriding treatment, they were polished, ultrasonically
cleaned in an alcohol solution and deionized water for
15 min at room temperature, dried and stored under
clean-room conditions. The samples were embedded
in a closed, cylindrical case in contact with a mixture
of powders composed of 20% B4C as the donor, 10%
KBF, as an activator, and 70% SiC as the diluent. The
powder-pack boriding process was carried out in a
conventional furnace under a pure argon atmosphere
in the temperature range of 1123-1273 K. Four
treatment times (2, 4, 6 and 8 h) were chosen for each
temperature. Once the boriding treatment was
finished, the container was removed from the furnace
and slowly cooled to room temperature.

3.2 Experimental techniques

The borided and etched samples were cross-
sectioned for microstructural investigations using a
LECO VC-50 cutting precision machine. The cross-
sections of formed boride layers were observed by
SEM (JEOL JSM 6300 LV) and by optical
microscope (Olympus GX51) in a clear field. A
kinetic investigation was made by measuring
automatically the boride layer thickness by means of
MSQ PLUS software. To ensure the reproducibility of
the measured layers, seventy measurements were
collected in different sections of the borided samples
to estimate the Fe,B layer thickness; defined as an
average value of the long boride teeth **',

The phase formed on the surface of borided sample
was identified by means of X-Ray Diffraction (XRD)

equipment (Equinox 2000) using Co-K, radiation at
Ao = 0.179 nm. The Daimler-Benz Rockwell-C
technique, using an indenter tester, was performed to
get a qualitative information on the cohesive strength
of the boride layers to the substrate. The well-known
Rockwell-C indentation test is prescribed by the VDI
3198 norm, as a destructive quality test of coated
compounds >’

The principle of this method was given in the
reference work™. A load of 1471 N was applied to
cause coating damage adjacent to the boundary of the
indentation. Three indentations were made for each
borided sample to assess the cohesion test. The
indentation craters were examined by SEM. During
the cohesion test, a conical diamond indenter
penetrated into the surface of an investigated layer,
thus inducing massive plastic deformation to the
substrate and fracture of the boride layer. The damage
of the boride layer was compared with the cohesion
strength quality maps HF1-HF6 displayed in Fig. 2.

In general, the cohesion strength HF1- HF4 is
defined as sufficient cohesion, whereas HF5 and HF6

represent insufficient cohesion™>.

4 Results and Discussion
4.1 SEM observations and EDS analysis

Figure 3 shows the SEM micrographs of the cross-
sections of borided steels at 1173 K during 2, 4, 6 and
8 h. It is seen that the needles of Fe,B borides are
visible exhibiting a tooth-shaped morphology for all
boriding conditions. This peculiar morphology
ensures a good adhesion to the substrate®™’. The
thickness of Fe,B layer increased when increasing the
boriding temperature since the mobility of boron
atoms into the substrate is accelerated by
thermodiffusion. The value of Fe,B layer thickness
ranged from 43.53 £ 5.68 um for 2 h to 98.45 + 15.6
pum for 8 hat 1173 h.

The EDS analysis was done at the surface of
borided sample and in the areas located at the

VDI 3198 test
lutunihc load

Microcracks

Delamination

Fig. 2 — Principle of the VDI 3198 indentation test >>.
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(Fe,B/substrate) interface. The SEM micrographs

281

Fig. 3 — SEM micrographs of the cross-sections of AISI 4150 steels borided at 1173 K for increasing treatment times: (a) 2 h,

(b)4h, (c) 6 h, and (d) 8 h.

displayed in Fig. 4 show the analyzed zones. Figure 4
(a) indicates the presence of Fe element together with
other elements such as Mn, Cr and B. In fact, iron
atoms combine with boron atoms to form the Fe,B
phase if the lower limit of boron concentration is
reached in Fe,B by a mechanism of nucleation and
growth of Fe,B crystals. Moreover, if we zoom in on
the graph of the Fig. 4 (a), we can look at the B
element is hard to be detected by EDS, because the
energy that corresponds to the B element is 0.18 keV.
This is an evidence that boron element is present at
the surface of borided sample at 1173 K for 2 h.
Figure 4(b) shows an EDS analysis with the presence
of the following elements: Fe, C, Si, P, Mn, Mo and
Cr. Carbon and Silicon are diffused towards the
diffusion zone by forming together with boron, solid
solutions like silicoborides (FeSig4Bos and FesSiB,)
and boroncementite Fe;Bg 67Co 33 41,58

4.2 X-ray diffraction analysis

Figure 5 shows the XRD pattern obtained at the
surface of borided AISI 4150 steel at a temperature of
1273 K for a treatment time of 8 h. The diffraction
peaks are readily identified for the Fe,B phase with
the strongest peak belonging to the (002)
crystallographic plane. The boride needles grow in the
direction of minimum resistance [001] exhibiting a
saw-tooth morphology *°. In addition, no metallic
borides were identified by XRD analysis in AISI 4150

-

e BEHHEELRE

5 5 8 R

Counts (x107)

Energy (keV)
30
Fe (b)
25 -+
~2l
E}
56l
£
'10--
8 Fe
s.
0 LJ:"
7 8

Energy (keV)

Fig. 4 — SEM micrographs  with EDS analysis of the
cross-sections of the borided AISI 4150 steel at 1173 K for 2 h a)
EDS spectrum at the surface of borided sample, and (b) EDS
spectrum at the (Fe,B/substrate) interface.

4.3 Rockwell-C cohesion test

To determine the cohesion of the boride layers to
the substrate, the cohesion tests were applied on the
two pack-borided samples (at 1173 K for 2 h and 8 h).
Figure 6 shows the SEM micrographs of the
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indentation craters generated on the surfaces of two
borided samples. Figure 6 (a) revealed an existence of
radial cracks at the perimeter of indentation crater
with delamination. The cohesion strength quality of
boride layer obtained at 1173 K for 2 h was related to
the H3 category.

Figure 6 (b) shows the presence of a small quantity
of spots with flaking caused by delamination. The
cohesion strength quality of boride layer, obtained at
1173 K during 8 h, was identified as HF2 category. It
is seen that the two borided samples (at 1173 K for 2
h and 8 h) had sufficient cohesion. Nevertheless, the
borided sample at 1173 K during 8 h showed a best
cohesion since it had a thicker boride layer in
comparison with the borided sample at 1173 K for 2
h. There are some cracks and delamination in the
crater, but they did not look like it, because we did not
zoom in on the crater. Moreover, the Daimler-Benz
adhesion test is used as a destructive quality test for
coating/substrate system. In this sense, the coatings at
high temperature and treatment time present a good

: ! tros
5 1000 4 3
T 3
- L1 g ]
ot 1§ [t
(1] 20 &0 z.l;“l 80 100 120

Fig. 5 — XRD pattern obtained at the surface of borided AISI
4150 steel at 1273 K for 8 h.

Delamination

Cracks

cohesion due to the interdiffusion phenomenon
ensuring the continuity of metallic interface **, as it
can be seen in the Fig. 6 (b). These coatings are
therefore less exposed to damage characterized by the
separation of the interfaces. In this context, Ortiz-
Dominguez et al.”> showed also the occurence of
cracks and delamination in the crater of the boride
coating using the Daimler—Benz method.

Kartal et al™ carried out a new electrochemical
boriding method on AISI 1018 steel. They showed
that was possible to form a single boride layer (Fe,B)
after the electrochemical boriding, for 15 min
followed by the phase homogenization during 45 min.
The Rockwell —C cohesion test on this treated sample
had a very sufficient cohesion to the substrate
consistent with the H1 category without cracks and
delamination.

4.4 Estimation of activation energy for boron diffusion by
different approaches

To estimate the value of activation energy for
boron diffusion in AISI 4150 steel, it is necessary to
have the kinetic data regarding the variation of square
of Fe,B layer thickness as a function of boriding time.
Figure 7 describes the time dependence of square of
Fe,B layer thickness for increasing temperatures.
Table 1 provides the experimental values of parabolic
growth constants at the (Fe,B/substrate) interface
along with the corresponding boride incubation times
deduced from Fig. 7. It is noticed that the boride
incubation time is constant and do not change with the
boriding temperature. The temperature dependence of
the boron diffusion coefficient in Fe,B is expressed by
Eq. (15):

Dy =Dy exp(—g) ...(15)

Cracks

Fig. 6 — SEM micrographs showing indentation of VDI cohesion tests at the surfaces of borided AISI 4150 steels : (a) at 1173 K for 2 h

and (b) at 1173 K for 8 h.
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where D, is the diffusion coefficient of boron

60
®T=1123K
50 oT= 173K
*T=1223K i
© oT=1273K
=
£
g »
[/ -4
20 f
. e X
o )
° oo X
] T s 10 15 20 25 30 35
Boride incubation time Tume (x10} ()

Fig. 7 — The square of Fe,B layer thickness as a function of the

boriding time.

Table 1 — Experimental values of parabolic growth constants
at the (Fe,B/substrate) interface along with the
corresponding boride incubation times.

T(K) Experimental parabolic Boride incubation time
0.5
Growth constant k (ums ™) tg"ezB (T) (s)
1123 0.3729 1950
1173 0.6008 1950
1223 0.9392 1950
1273 1.300 1950

1
extrapolated at a value of T =0.The Q parameter is

the activation energy which indicates the amount of
energy (kJ mol” ) required for the reaction to occur,
and R is the ideal gas constant (R=8.314 J mol " K™).

The activation energy ( can be readily obtained from
the slope of the curve relating In(Dy, ;) to the inverse

of temperature. Hence, the expression of boron
diffusion coefficient in the Fe,B layers was obtained on
the basis of Eq.(12) using the integral method for an
upper boron content in Fe,B equal to 9 wt.%.

Figure 8 shows the temperature dependence of
boron diffusion coefficients in the Fe,B layers
according to Arrhenius relationship.

The expression of boron diffusion coefficient in the
Fe,B layer for AISI 4150 steel was obtained, using a
linear fitting, in the temperature range of 1123-1273
K with a coefficient of determination close to unity:

283
-1
Dy, 5 =3.7x 1073 exp( 199.74kJmol ) ... (16)
’ RT
=238
248 4 G INDyyp® - 24024 T+ . 55995
o R1<09998
™~
~
\
~
=~ 529 \.a
£ ~
£ ~
¢ AN
~
=159 4 \\a
~
~
~
266 | .
~
~
“o
n . , : . {
0,00078 0,0008 000082 000084 000086  0,00088 i

Inverse of temperature (K'%)

Fig. 8 — Arrhenius relationship for the boron diffusion coefficient
through the Fe,B layer.

where R = 8.314 J mol! K' and T the absolute
temperature in Kelvin.

Different diffusion models were used to estimate
the values of activation energy for boron diffusion in
AISI 4150 steel for an upper boron content equal to 9
wt.%. Table 2 displays the values of boron activation
energies estimated from three different models
together with the expressions used to estimate the
Fe,B layer thickness. The obtained values of
activation energy for boron diffusion are very
comparable for all models in spite of difference in the
mathematical formulation of each diffusion problem.
All these models considered the principle of mass
conservation at the (Fe,B/ substrate) interface under
certain assumptions. The Eq.s displayed in Table 2
can be used as a simple tool to predict the boride layer
thickness for given boriding conditions.

Table 3 shows a comparison between the values of
activation energy for boron diffusion in AISI 4150
steel and the values found in the literature for some
borided materials ' 2% * %% Tt is seen that the
reported values of activation energy for boron
diffusion in some steels and Armco iron depend on
various factors such as: (the boriding method, the
method of calculation, the nature of boriding agent,
the temperature range considered, the mechanism of
boron diffusion and the chemical composition of
substrate). The values of activation energy for boron
diffusion in AISI 4150 steel (193.45-199.74 kJ mol™)
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obtained from different diffusion models were
interpreted as the amount of energy for the movement

INDIAN J ENG MATER SCI, APRIL 2020

of boron atoms in the easiest path direction [001]

Table 2 — Values of boron activation energies estimated from three different models and together with the expressions used to
estimate the Fe,B layer thickness.

Dy (m’s ™) Activation energy Q (kJmol ™) Eq.s for estimating the Fe,B layer thickness References
3.76x10° 193.45 FeB_ FeB 25
u(t) = I 8Dre,p (e Ciom 1
J Fe,B
\lln(tFezB )(lepeZB + Cloif - 2C0)
0
3
5.80x10 198.43 u(t) = 26,[Dp pt with € =0.0976 24
3.70x10” 199.74 Present work

u(t) =

DFezB [t - toFeZB )]

with n=13.3175

Table 3 — Comparison of activation energy for boron diffusion in AISI 4150 steel with other borided materials by using
different boriding methods.

Material Boriding method Temperature range (K) Boron activation energy (kJ mol™) References
AISI 304 steel Salt bath 1073-1223 253.33 (FeB+Fe,B) 60
AISI H13 Steel Salt bath 1073-1223 244.37 (FeB+Fe,B) 60
AIST 4140 Steel Salt bath 1123-1223 215.0 (FeB+Fe,B) 61
AISI 1018 Steel Electrochemical 1123-1273 172.75£ 8.6 (FeB+Fe,B) 62

Manganese Steel Electrochemical 1023-1173 173.97 (FeB+Fe,B) 63
Armco iron Gaseous 1073-1273 78.03 (FeB) 120.65 (Fe,B) 64
Armco iron Paste 1123-1273 151.0 (Fe,B) 65

AIST 4140 Steel Paste 1123-1273 168.5 (Fe,B) 27

AISI 8620 Steel Plasma paste boriding 973-1073 124.7-138.5 (FeB+Fe,B) 66

AISI 440C Steel Plasma paste boriding 973-1073 134.62 (FeB+Fe,B) 19
Armco iron Powder 1123-1273 157.5 (Fe,B) 26

AISI 51100 Steel Powder 1123-1223 106.0 (Fe,B) 67

AISI P20 Steel Powder 1123-1223 (FeB+Fe,B) 256.4 (in conventional furnace ) 68
and213.935 (in microwave furnace)
AISI 1045Steel Powder 1123-1273 180.0 (Fe,B) 6

AISI 4150 Steel Powder 1123-1273 193.45-199.74 (Fe,B) Present work

along the boride layer that minimizes the growth
stresses”. This value of energy is necessary to
overcome the energetic barrier to allow the boron
diffusion inside the metallic substrate. Thus, the
diffusion phenomenon of boron atoms can occur along
the grains boundaries and also in volume to form the
Fe,B layer on the steel’s substrate. As a main remark,
the differences seen in the values of activation energy
for boron diffusion (see Table 3) in some borided steels
indicate that the rate-determining steps in powder and
paste boriding deviate from that for plasma paste
boriding and that for gas boriding '*>**,

4.5 Experimental validation of the diffusion models

The diffusion =~ models were validated
experimentally by comparing the experimental value
of Fe,B layer thickness with the predicted values.

Figure 9 shows the optical micrograph of cross-
section of the sample borided at 1253 K for 2.5 h.

Fig. 9 — Optical micrograph of Fe,B layer formed on the AISI
4150 steel at 1253 K for 2.5 h.

Table 4 shows a comparison between the
experimental value of Fe,B layer thickness (obtained



SILVA et al.: GROWTH KINETICS OF FE,B LAYER ON THE AISI 4150 STEEL 285

Table 4 — Comparison between the experimental value of Fe,B layer thickness (obtained at 1253 K for 2.5 h ) and the predicted values
using three different models for an upper boron content in the Fe,B phase equal to 9 wt.%.

Boriding
conditions

Experimental Fe,B  Simulated Fe,B layer

numerical model [30]

1253 K for2.5h 95.94+ 15.89 102.0

Simulated Fe,B layer
layer thickness (um) thickness (um) By the thickness (um) by the
diffusion model [25]

Simulated Fe,B layer Simulated Fe,B layer
thickness(um) by the thickness(um) by the
diffusion model [24] integral method

103.04 103.06 96.04

at 1253 K for 2.5 h ) and the predicted values using
different diffusion models for an upper boron content
in the Fe,B phase equal to 9 wt.%. It is seen that the
predicted values of boride layers’ thicknesses agree in

Table 5 — Diffusivities of boron in Fe,B and austenite used as
input in the numerical model *°.

Parameters Expression
D gl .
Fe (S ) 9.28x 107 exp(— 25434/
RT
2 -l
Dy ms™) 4 4108 exp- 2535 With R=8314 T mol ! K!

RT

a satisfactory manner with the experimental value, for
an upper boron content in the Fe,B phase equal to 9
wt.%.

In the numerical model suggested by Kouba et
al.*®, the boron flux at the material surface was found
to be equal to 1.6x10* mol s' m?’ after many
numerical tests. This adjustable parameter for the
numerical model allowed us to find a value of the
boride incubation time very close to 1950 s, which is
required for the formation of a compact layer of Fe,B.
The diffusivities of boron in Fe,B and austenite used
for predicting the Fe,B layer thickness obtained at
1253 K for 2.5 h are given in Table 5.
The expressions of Fe,B layer thickness listed in
Table 2 are depending on the boriding parameters
(the treatment time and the boriding temperature).
They can be used as a tool to predict the
optimum value of boride layer thickness according
to the industrial application of this kind of borided
steel.
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5 Conclusions
In this study, the growth kinetics of Fe,B layers
formed on AISI 4150 steel was investigated by use of

different approaches in the temperature range of
1223-1273 K for periods of 2-8 h.

(i) A compact Fe,B layer was formed for all boriding
conditions at the surface of AISI 4150 steel. Its
existence was confirmed by XRD analysis.

(i1) The (Fe,B/substrate) interface had a tooth
shaped morphology with a boride layer thickness
ranged from 27.29 £3.21 to 213.01 + 24.3 um. The
growth kinetics of boride layers obeyed the parabolic
growth law with an occurrence of a constant boride
incubation time.

(ii1) The interfacial cohesion of the Fe,B layers on
AISI 4150 steel (obtained at 1173 K for 2 and 8 h)
were respectively related to HF3 and HF2 categories
according to the VDI 3198 norm. As a result, the
borided sample at 1173 K for 8 h showed a best
cohesive quality.

(iv) The values of activation energy for boron
diffusion in AISI 4150 steel ranged from 193.45 to
199.74 kJmol ™. These estimated values depend on the
diffusion models used.

) A good agreement was then observed
between the experimental value of Fe,B layer
thickness (obtained at 1253 K for 2.5 h) and the
predicted values of Fe,B layer thickness using
different diffusion models.

List of symbols

u(t) is the boride layer thickness (um).

a(t) and b(t) are the time-dependent parameters

k is the parabolic growth constant of the Fe,B layer
(ums™?).

t is the treatment time (S ).

Fe,B

1,7 (T) is the boride incubation time (S ).

Che2? represents the upper limit of boron content in

Fe,B (=9 wt.%).
cFeBis the lower limit of boron content in Fe,B

low

(=8.83wt.%).

C,4 18 the adsorbed boron concentration in the boride
layer (wt..%).

C, is the boron solubility in the matrix (= 0 wt.%).

Cre,glx,t] 1s the boron concentration profile in the
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Fe,B layer (wt.%).

DFe

.5 represents the diffusion coefficient of boron in

the Fe,B phase (m”s ™).

Q is the activation energy for boron diffusion
(kJmol™)
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