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Growth Kinetics of the Fe,B Layers and Adhesion
on Armco Iron Substrate

M. Elias-Espinosa, M. Ortiz-Dominguez, M. Keddam, M.A. Flores-Renteria, 0. Damian-Mejia, J. Zuno-Silva, J. Hernandez-A vila,

E. Cardoso-Legorreta, and A. Arenas-Flores

(Submitted January 17, 2014, in revised form February 19, 2014, published online May 24, 2014)

In this work, a kinetic model was suggested to evaluate the boron diffusion coefficient in the Fe,B layers
grown on the Armco iron substrate by the powder-pack boriding. This thermochemical treatment was
carried out in the temperature range of 1123-1273 K for treatment times ranging from 2 to 8 h. The boron
diffusion coefficient in the Fe,B layers was estimated by solving the mass balance equation at the (Fe,B/
substrate) interface with an inclusion of boride incubation time. To validate the present model, the simu-
lated value of Fe,B layer thickness was compared with the experimental value obtained at 1253 K for a
treatment time of 5 h. The morphology of Fe,B layers was observed by SEM and optical microscopy.
Metallographic studies showed that the boride layer has a saw-tooth morphology in all the samples. The
layer thickness measurements were done with the help of MSQ PLUS software. The Fe,B phase was
identified by x-ray diffraction method. Finally, the adherence of Fe,B layers on the Armco iron substrate
was qualitatively evaluated by using the Daimler-Benz Rockwell-C indentation technique. In addition, the

estimated value of boron activation energy was compared to the literature data.

Keywords activation energy, adherence, boriding, diffusion
model, growth kinetics

1. Introduction

The boriding process is a thermochemical surface hardening
process that modifies a material surface by the diffusion of
boron atoms into the surface layer at high temperatures. As a
result, the boriding processes enhance the surface hardness and
wear resistance of ferrous alloys.

The boriding treatment can be performed in numerous ways,
including plasma, salt bath, paste and pack-boriding techniques
(Ref 1). The most frequently used method is pack boriding
which is similar to pack carburizing process (Ref 2, 3). The
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Nomenclature

v Boride layer thickness (m)

ty is the effective growth time of the
Fe,B layer (s)

t is the treatment time (s)

B is the boride incubation time (s)

OFe,B the boron activation energy (J/mol)

CE;ZB represents the upper limit 3of boron
content in Fe,B (=60 x 10°> mol/m?)

ClFoe‘f,B is the lower limit of boron content in
Fe,B(=59.8 x 10°> mol/m®)

CBy is the adsorbed boron concentration

in the boride layer (mol/m?)
defines the homogeneity range of
the Fe,B layer (mol/m®)
a=C28 -G is the miscibility gap (mol/m®)
Co is the terminal solubility of the
interstitial solute ( ~ 0 mol/m®)

_ (Fe;B _ FeB
ar = Cup C]ow

Cre,B[x(?)] is the boron concentration profile in
the Fe,B layer (mol/m>)

Vo indicates the initial Fe,B layer (m)

€ is the normalized growth parameter
for the (Fe,B/substrate) interface (it
has no physical dimensions)

Dre,B denotes the diffusion coefficient of
boron in the Fe,B phase (m*/s)

Jilx(®)], are the fluxes of boron atoms in the

(with i = Fe;B and Fe) (Fe,B/substrate) interface boundary

(mol/m%/s)

powder-pack boriding is technologically, simpler and more
economic in comparison with other boriding processes (Ref 4).

The boriding of ferrous materials results in the formation of
the Fe,B layer or double layer (FeB/Fe,B) with definite
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composition (Ref 5-8). The Fe,B phase contains
59.2 x 10° mol/m> of boron (Ref 9), while the FeB phase has
a boron composition of 100 x 10° mol/m® (Ref 10). The FeB
phase is brittle and forms a surface that is under high-tensile
stress. The Fe,B phase is preferred because it is less brittle than
FeB and forms a surface with a high-compressive stress.

In the literature, several models were reported to study the
growth kinetics of Fe,B layers grown on different substrates
(Ref 11-20) with and without the boride incubation times.

The main objective of this study was to investigate the
mechanical property in terms of interfacial cohesion and
diffusion kinetics of Fe,B layers formed on Armco iron.

A diffusion model was also suggested to evaluate the boron
diffusion coefficient in the Fe,B layers on Armco iron substrate
in the temperature range of 1123-1273 K. The estimated boron
activation energy of borided Armco iron was then compared to
the literature data.

The model was validated by predicting the Fe,B layer
thickness obtained at a temperature of 1253 K for 5 h.

2. The Diffusion Model

The model considers a diffusion of boron atoms into a
saturated substrate by forming the Fe,B layer. There is no
boron flux out of the surface layer of Fe,B into the Fe matrix.
The boron concentration profile through the Fe,B layer is
displayed in Fig. 1.

At the beginning, the boron atoms diffuse into the iron
lattice to form a saturated solid solution. The boron concen-
tration profile is described by f(x, 7). After exceeding the boride
incubation time tgezB, the Fe,B layer begins to form and
becomes continuous and more compact after a prolonged time.
CFePB denotes the upper limit of boron content in Fe,B(=60 x
10° mol/m®), CFB is the lower limit of boron content in

low
Fe,B(=59.8 x 10% mol/m®), and the point x(¢ = ¢) = v repre-

Cre,olx(0). 1]
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Fig. 1 Boron concentration profile through the Fe,B layer
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sents the Fe,B layer thickness. The boron concentration
(Cre,[x(),1] = A + Berf(x//4Dr,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(7) and ¢ time
[cf. the small homogeneity ranges of about 1 at.% for the Fe,B
layer (Ref 10)]. Further assuming that the boron surface and
interface concentration do not change during boriding process.

A schematic representation of the CiP and C{;2" values
obtained from the Fe-B phase diagram for a range of
temperatures is given in Fig. 2.

The term CB is the effective boron concentration or
adsorbed boron concentration in the boride layer during the
boriding process (Ref 21). From Fig. 1, a = C{® — el
denotes the homogeneity range of the Fe,B layer,
a = C2P — Cy is the miscibility gap, and C, is the
boron solubility in the matrix. The diffusion zone in the
substrate underneath the compound layer can be ignored
(Co =~ 0 mol/m*) (Ref 22, 23).

The following assumptions are considered for 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 specific incubation

time.

The boride layer grows because of the boron diffusion per-

pendicular to the specimen surface.

— Boron concentrations remain constant in the boride layer
during the treatment.

— The influence of the alloying elements on the growth kinet-
ics of the layer is not taken into account.

— 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 follows:
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Fig. 2 Schematic representation of the ngzB and ClFoe\;B values ob-

tained from the Fe-B phase diagram for a range of temperatures
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t =0,x>0, with: Cre,g[x (¢),# = 0] = Cy = 0. (Eq 1)
Boundary conditions:
Cre[x (t = 157°) = vo,1 = ,7°] = C} P
(the upper boron concentration is kept constant),
(Eq 2)

for Cfds> 60 x 10° mol/m?,

Creplx(t=1)=v, t =1 = CIB

low

(the boron concentration at the interface is kept constant),

CB.< 59.8 x 10’ mol/m®,

ads
(Eq 3)

vo is a thin layer with a thickness of ~5 nm that formed
during the nucleation stage (Ref 24). Thus, vo(= 0) when
compared to the thickness of Fe,B layer (v). The mass balance
equation (Ref 25, 26) at the (Fe,B/substrate) interface can be
formulated by Eq 4 as follows:

CheB 4yl —2C
( up ;’W O (4-dv) = Jrepx=v, t = 1) (4 - di)

—Jre(x=v+dv,t=1)(4-dt),

(Eq 4)
where 4 (=1 - 1) is defined as the unit area and C, represents
the boron concentration in the matrix. The flux Jge,p and Jge
are obtained from the Fick’s First law as
Jreplx(t=10)=v,t =1 =

— {DpezBGCFEZB[x(t = t) =V, = t}/&x}x — s

and

(Eq 5)

Jrex(t=t)=v+dv,t=1 =
— {DreOCre[x(t =1t) =v+dv, t =1]/0x}, _ 4
(Eq 6)
The term Jg. is null, since the boron solubility in the

diffusion zone is very low (~0 mol/m®) (Ref 3).
Thus, Eq 4 can be written as

2 dt x(t) = v

OCre,[x(t = 1), = 1]
Ox

(CESZB + Clow ~ zco> dx(1)

(Eq7)

— Dre,B

x(t) =v

If the boron concentration profile in Fe,B is constant for the
treatment time, Fick’s Second law is reduced to an ordinary
second-order differential equation as follows:

OCe,plx(1),1] 0% Cre,[x(2), 1]
ot T TheB Ox2 ’

By solving Eq 8, and applying the boundary conditions
proposed in Eqgs 2 and 3, the boron concentration profile in
Fe,B is expressed by Eq 9 if the boron diffusion coefficient in
Fe,B is constant for a particular temperature

(Eq 8)
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Fig. 3 A Schematic representation of the square of the layer thick-
ness as a function of treatment time

ll-‘ezB _ (Fe:B x
Crepx(t), 1] = CEoP + —2 P _erf ‘
FezB[ ( ) ] up 2 DFeth

erf (2 \/l\;Tzw>
(Eq 9)
By substituting Eq 9 into Eq 7, Eq 10 is obtained
(cf;zB i zco> &
2 dt
(Eq 10)

Fe;B _ FerB 2
D Fe,B Cup Clow A
exp| — s

m erf s
2, /Drent

for0 <x<w.
Substituting the expression of the parabolic growth law
(v = 26D’ into Eq 10, Eq 11 is deduced

(CESZB it - 2C°) .
2 .

1 ChoB — P )
n erf(e) e ().

(Eq 11)

The normalized growth parameter (g) for the (Fe,B/sub-
strate) interface can be estimated numerically by the Newton-
Raphson method. It is assumed that expressions CE2B, C12P,
and C, do not depend significantly on temperature (in the
considered temperature range) (Ref 10).

A schematic representation of the square of the layer
thickness against linear time ( v? = 482Dpeth = 482DF52B
(t+ tgezB)) is depicted in Fig. 3. t,(=1— tgezB) is the
effective growth time of the Fe,B layer and ¢ is the treatment
time.

3. Mechanism of Formation of the Fe,B Layer

In the powder-pack boriding process, the diffusion of boron
atoms in the direction of the substrate gives rise to the
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formation of hard phases known as the iron borides in case of
ferrous alloys. The appearance of these phases in the borided
case is related to change in the boron concentration profile. The
overall chemical reaction given by Eq 12 takes place during the
powder-pack boriding process

B4C + 4KBF, + 3SiC 4 20, — 8B (adsorption)

. (Eq 12)
+ 4KF + 3SiF, + 4CO.

Since the presence of oxygen promotes oxidation of active
boron Eq 13 becomes

B4C + 4KBF,4 + 3SiC + 30, — 6B (adsorption)

. (Eq 13)
+ 4KF + 3SiF4 + 4CO + B,0;.

In this thermochemical treatment, the diffusion of atomic
boron is mainly influenced by the contact surface between the
boriding agent and the substrate. The boriding powder with
finer sizes allows for better diffusion of boron atoms into the
material substrate.

The diffusion of boron atoms leads to a saturation of the iron
matrix. After exceeding a certain period of incubation, the Fe,B
layer forms if the boron concentration is within the composition
range of CreB< CESZB < CB. and the following chemical

- low ads
reaction occurs

B (adsorption) + 2Fe — Fe;B. (Eq 14)

Nucleation of iron boride at the gas-solid interface is the net
result of a competition between the supply of boron from the gas
phase and the removal of boron by diffusion into the substrate.
In the early stage of growth, acicular Fe,B crystals grow in
radial directions starting from the contact zones between the
metal surface and boron atoms (Fig. 4), lengthening upon the
surface of the base metal. These features can be explained
considering that (Stage 1) only solid state reactions occurred,
and consequently, active boron was supplied only at the contact
zones between the metal surface and boron atoms; (Stage 2)
Fe,B crystals preferentially grow along their [001] crystallo-
graphic direction, i.e., the direction which has the shortest
distance between neighboring boron atoms and, consequently,
constitutes the easier path for the boron diffusion in the body-

X
/ (110)  (002) (200) -Surface
FezB
crystals
z
Stage 1
. g
Substrate
s Stage 2
Fe2B crystals ¥

Stage 3

S

v v v
growth along [001]

Fig. 4 Schematic representation of the stages of thermochemical
growth of Fe,B crystals: Stage 1, growth on the metal surface; Stage
2, growth inside the outer regions of the metal sample; and Stage 3,
growth in depth leading to a strong (002) preferred orientation
(Ref 27)
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centered tetragonal lattice of Fe,B; and (Stage 3) the Fe,B
needles growing upon the metal surface find a minimum of
mechanical resistance from the base metal, because of the
considerable increase in volume (~16%) associated with the
transformation of Fe into Fe,B. This kind of growth leads to the
formation of a first layer of differently oriented crystals, i.e., an
outermost, mechanically inconsistent layer (Ref 27).

The authors Ninham and Hutchings (Ref 28) suggested that
the columnar nature of the coating interface is caused by
dendrite “side arm” growth similar to the growth that occurs
during the solidification of many metallic systems. In borided
low-carbon steels, the boride may ““break through” the band of
impurities in some places, which allows local rapid boride
growth and results in the characteristic saw-toothed interface. A
different mechanism has also been proposed in which local
high stress fields and lattice distortions near the tips of the first
acicular nuclei of the reaction products are assumed to be
responsible to the columnar growth of borides (Ref 29).

4. Experimental Procedure

4.1 The Boriding Process

The material to be borided is ARMCO iron. This alloy has a
nominal chemical composition of 0.02% C, 0.20% Mn, 0.015%
P, 0.015% S, 0.007% N, and 0.06% Cu. The samples were
sectioned into cubic samples with dimensions of 10 x 10 x
10 mm’®.

Prior to the boriding process, 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 conditions. The samples were embedded in a closed
cylindrical case (AISI 304L) as shown in Fig. 5, containing a
Durborid fresh powder mixture with particles size of 50 pum.

This boriding agent is composed of B4C as a boron source,
an inert filler as SiC, and an activator as KBF,. The active
boron is then supplied by the powder quantity placed over and
around the material surface.

The boriding treatment was carried in the temperature range
of 1123-1273 K for a variable time (2, 4, 6, and 8 h) in a
conventional furnace under a pure argon atmosphere. Once the
treatment was complete, the container was removed from the
furnace and slowly cooled to room temperature.

4.2 Experimental Techniques

The treated samples were cross sectioned for microstructural
observations using a LECO VC-50 cutting precision machine,
and the depths of the surface layers were observed in a clear
field by optical microscopy using GX51 Olympus instrument.
The obtained optical images were analyzed with MSQ PLUS
software. The thickness measurement program is designed to
measure the thickness of layers. The measurement of layer
thickness is of a great importance to analyze the growth kinetics
of boride layers. Automatic measurements can be performed by
constructing a series of parallel section lines which are
combined with the thresholded image of the layer to be
measured. The lengths of those portions of the section lines
which overlay the selected layer are measured. In order to
minimize the roughness effect at interfaces growth, the layer
thickness was defined as the average value of the long boride
teeth (Ref 30-32). Fifty measurements were collected in
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Fig. 5 Schematic view of the stainless steel AISI 304L container
for the pack-powder boriding treatment (1: lid; 2: powder boriding
medium (B4C + KBF, + SiC); 3: sample; 4: container)

different sections of the borided samples to estimate the
thickness of the Fe,B layers.

All thickness measurements were collected from a fixed
reference on the surface of the borided Armco iron, as shown in
Fig. 6. The presence of the iron boride formed at the surface of
borided sample was determined by means of x-ray diffraction
(XRD) equipment (Equinox 2000) using CoK, radiation at
A = 0.179 nm. The morphology of boride layers was observed
by SEM (JEOL JSM 6300). The Daimler-Benz Rockwell-C
cohesion test was used to assess the cohesion of the boride
layers. The well-known Rockwell-C indentation test is pre-
scribed by the VDI 3198 norm, as a destructive quality test of
coated compounds (Ref 33-35). The principle of this method
was given by the author Taktak (Ref 35). A load of 1471 N was
applied to cause coating damage adjacent to the boundary of the
indentation. Three indentations were conducted for each sample
and SEM examinations were employed to evaluate the test.

5. Results of the Experimental Study

5.1 Microstructural Observations of Boride Layers

Figure 7 shows the optical images of the cross sections of
borided samples at 1273 K during 2, 4, 6, and 8 h. The needles
of Fe,B boride are visible on the optical micrographs,
exhibiting a saw-tooth morphology at the (Fe,B/substrate)
interface. Figure 8 gives the SEM micrograph of cross section
of borided Armco iron at a temperature of 1223 K for 2 h. The
Fe,B layer is on top of the substrate where the boride needles
are visible and different in length.

5.2 X-Ray Diffraction Analysis

The Fe,B phase was identified by XRD patterns as shown in
Fig. 9 at the surface of Armco iron borided at 1273 K for 8 h.
The diffraction peaks of Fe,B phase exhibited a difference in
intensities.

Iron boride
FezB —_—

Difusion

Unaffected
base

Layer thickness =

.

R OD

i=1
n

Fig. 6 Schematic representation of the Fe,B layer measurements
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Fig. 7 Optical micrographs of the cross sections of Armco iron samples borided at 1273 K during different treatment times: (a) 2 h, (b) 4 h,

(¢) 6 h,and (d) 8 h

UAEH

Fig. 8 SEM micrograph of the cross section of Armco iron sample
borided at 1223 K during 2 h

5.3 Rockwell-C Cohesion

An indenter hardness tester was employed to evaluate the
Daimler-Benz Rockwell-C cohesion, as a destructive quality
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Fig. 9 XRD patterns obtained at the surface of Armco iron borided
at 1273 K for 8 h

test for boride layers; it was employed for determination of
cohesion. The well-known cohesion test prescribed by the VDI
3198 norm was used. The principle of this method is presented
in Fig. 10. A conical diamond indenter penetrated into the
surface of an investigated layer, thus inducing massive plastic
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Fig. 10 Principle of the VDI 3198 indentation test (Ref 33)

UAEH

30KV

Fig. 11 SEM micrograph of the indentation crater of VDI cohesion
test on the surface of Armco iron borided at 1273 K for 4 h

deformation to the substrate and fracture of the diffusion-
borided layer.

The damage to the boride layer was compared with the
cohesion strength quality maps HF1-HF6 (see Fig. 10). In
general, the adhesion strength from HF1 to HF4 defined
sufficient cohesion, whereas HF5 and HF6 represented insuf-
ficient cohesion (HF is the German short form of cohesion
strength). SEM micrograph of the indentation craters for the
sample borided at a temperature of 1273 K for 4 h is given in
Fig. 11. The indentation craters obtained on the surface of the
hardened diffusion-borided Armco iron revealed that there were
radial cracks at the perimeter of indentation craters. However, a
small quantity of spots with flaking of delamination was visible
and the cohesion strength quality of this boride layer is related
to HF4 standard.

5.4 Growth Kinetics of Fe,B Layers

The time dependence of the square of boride layers
thickness is depicted in Fig. 12. The slopes of the straight
lines in this figure represent the growth constants (= 4&2Dg,5)
of the parabolic growth law ( v = 4€2Dg,,pt), where the
intercept on the abscissa is taken as the boride incubation time
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Fig. 12 Square of boride layer thickness versus the boriding time
at different temperatures

Table 1 The square of normalized growth parameter
and growth constants as a function of boriding tempera-
ture

Type of
Temperature, K layer &, Dimensionless  4&?Dg,,p, tm?/s
1123 Fe,B 1.7471x1073 2.990 x 107!
1173 7.000 x 107!
1223 12.99 x 107!
1273 22.01 x 107!

on the graph. The results, which are summarized in Table 1,
reflect a diffusion-controlled growth of the boride layers.

By combining the results [square of normalized growth
parameter (g7) and growth constants ( 4¢2Dre,p)] presented in
Table 1, the boron diffusion coefficient in the Fe,B layers
(Dre,B) Was estimated for each boriding temperature. So, an
Arrhenius equation relating the boron diffusion coefficient to
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Fig. 13 Arrhenius relationship for boron diffusion coefficient
through the Fe,B layer

Fig. 14 Optical micrograph of the cross section of Armco iron
sample borided at 1253 K during 5 h

Table 2 A comparison of the boron activation energies
in the Fe,B layers for the borided Armco iron substrates

Boriding method OFe,B, kd/mol References
Paste 157 (12)
Paste 151 37
Gaseous 117.5 (38)
Gaseous 105.5 39)
Powder 156 (10)
Powder 157.5 Present study

Table 3 Estimated value of the Fe,B layer thickness (v)
obtained at 1253 K during 5 h

Boride layer

thickness, Experimental
Type of pm estimated boride layer
Temperature, K layer by Eq 16 thickness, pm
1253 Fe,B 181.60 175.25+£12.15
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Fig. 15 Iso-thickness diagram depending on the process parameters

The boron diffusion coefficient through the Fe,B layers was
deduced as follows:

Dre, = 1.0 x 10 exp(—157.6 kJ/mol /RT), (Eq 15)

where R = 8.3144621 (J/mol/K) and T absolute temperature
[K].The pre-exponential factor and the activation energy
value are affected by the contact surface between the boriding
medium and the substrate. The growth kinetics of Fe,B layers
proposed by the diffusion model was also verified by estimat-
ing the Fe,B layer thicknesses as a function of temperature
and exposure time. Fig. 14 shows the optical micrograph of
the cross section of Armco iron sample borided at 1253 K
for 5 h.

Table 2 shows a comparison of the boron activation energies
in case of borided Armco iron substrates. The boron activation
energy was estimated as equal to 157.5 kJ/mol for the borided
Armco iron. The boride layer thickness can be evaluated from
Eq 16 as follows:

the boriding temperature can be adopted. As a consequence, the
boron activation energy ( Ore,p) and pre-exponential factor
( Dy) can be calculated from the slopes and intercepts of the
straight line shown in coordinate system: InDg.,g as a function
of the reciprocal boriding temperature as shown in Fig. 13.
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(Eq 16)

v— 17DF32BI
~ V2500

Table 3 compares the experimental value of Fe,B layer
thickness obtained from Eq 16 at a temperature of 1253 K for
5 h with the simulated value of Fe,B layer thickness for the
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borided sample. A good agreement is then observed between
the experimental data and the simulation results as depicted in
Table 3. An iso-thickness diagram can be established based on
Eq 16 by varying the boriding parameters as shown in Fig. 15.

6. Discussions

The Armco iron samples were pack borided in the
temperature range of 1123-1273 K to study the formation of
Fe,B layers for a treatment time varying from 2 to 8 h. The
microstructural observations revealed the presence of a single
boride layer (Fe,B) with a saw-tooth morphology in the all
borided samples. It is also seen that the boride layer thickness
changes with the boriding time. It indicates that the pack-
boriding process is a diffusion-controlled phenomenon. The
diffusion front increases for a prolonged treatment time. The
boride layer thickness obtained at 1273 K reached a value of
244.02+16.35 pym for 8 h of treatment, while it was only
109.47 £ 14.15 pm for 2 h.

This particular morphology promotes a good adhesion to the
substrate. The iron boride formed at the surface of borided
Armco iron at 1273 K for 8 h was verified by XRD analysis.
The growth of Fe,B layer has a highly anisotropic nature. So,
the [001] crystallographic direction is the easiest path for the
boron diffusion in the Fe,B phase, because of the tendency of
boride crystals to grow along a direction of minimum
resistance, perpendicular to the external surface. As the metal
surface is covered, an increasing number of Fe,B crystals
comes in contact with adjacent crystals and are forced to grow
in the direction of material substrate, retaining an acicular shape
(Ref 27). The cohesion strength quality of the Fe,B layer
formed at the surface of Armco iron was found to be related to
HF4 standard for the Armco iron borided at 1273 K for 4 h of
treatment.

In fact, the cohesion of the boride layer on the substrate
depends on the boriding parameters. In this context, Taktak and
Tasgetiren (Ref 36) have used the Rockwell-C cohesion test to
study the cohesion of boride layers grown on H13 and AISI
304 steels. They found that their adhesion decreased with an
increase of boriding time and temperature.

Using the diffusion model, the boron activation energy was
estimated as equal to 157.5 kJ/mol for the borided Armco iron.
The obtained value was compared with the literature data. The
reported values listed in Table 2 are very close in case of the
solid boriding (Ref 10, 12, 37) but different when using the gas
boriding process (Ref 38, 39). In fact, the discrepancy in boron
activation energies indicates that the rate-determining steps in
powder and paste boriding deviate from that for gas boriding.
Since gas boriding has the lowest activation energy, and
provides values comparable with the diffusion of interstitials in
iron-based lattices, it is suggested that powder and paste
boriding experience an additional step. It is seen that the
estimated values of boron activation energies depended on the
nature of boriding agent.

An Iso-thickness diagram was plotted to be used as a simple
tool to predict the Fe,B layer thickness as a function of the
boriding parameters (temperature and time). Hence, Eq 16 can
be used to estimate the optimum thickness of Fe,B layers for
the borided Armco iron. The boride layer thickness is selected
according to the requirements imposed by practical utilization
of the borided material. As a rule, thin layers (e.g., 15-20 pm)
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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 pressing tools for
the ceramic industry). In the case of low-carbon steels and low-
alloy steels, the optimum boride layer thicknesses range from
50 to 250 um, and for high-alloy steels, the optimum boride
layer thicknesses are between 25 and 76 pm.

7. Conclusions

In this work, the boron diffusion coefficient in the Fe,B
layers grown on the Armco iron substrate was evaluated in the
temperature range of 1123-1273 K using a kinetic model.

This model was based on the mass balance equation at the
(Fe,B/substrate) interface by considering the occurrence of
boride incubation time.

The boron activation energy was estimated as equal to
157.5 kJ/mol when pack boriding the Armco iron substrate in
the temperature range of 1123-1273 K. This value was in a
good agreement with the data available in the literature.

Furthermore, the present model was validated by comparing
the experimental value of Fe,B layer thickness with the
predicted one at a temperature of 1253 K during 5 h of
treatment.

The cohesion strength quality of the boride layer formed at
the surface of Armco iron was found to be related to HF4
standard for the Armco iron borided at 1273 K for 4 h of
treatment.

Iso-thickness diagram was established as a simple tool to
predict the Fe,B layer thickness as a function of the boriding
parameters (temperature and time).
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