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Abstract

This work investigates the application of the pack-boriding process to a low-alloy steel of type ASTM A29 within the
temperature range 1123-1273 K. Microscopic observations revealed the formation of a single Fe,B layer at all processing
temperatures, with a less pronounced saw-tooth interfacial morphology. The tribological behaviour of the boride layers was
studied using pin-on-disc tests, and their nanomechanical properties, such as elastic modulus and nanohardness, were
evaluated by nanoindentation tests. Furthermore, the Taylor expansion (TE) model was implemented to assess boron
diffusion coefficients in Fe,B, from which the activation energy was determined. The empirical verification of this approach

was performed using four additional boriding conditions.
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1. Introduction

Among thermochemical treatments, powder
boriding is notable for its low cost, simple industrial
implementation, and remarkable tribological
properties. During boriding, boron atoms diffuse into
the alloy surface and react with the base metal to form
a dense, hard boride layer strongly bonded to the
substrate. This layer markedly improves wear,
corrosion, and oxidation resistance.

Studies [1-3] show that boride coatings exhibit
significantly lower abrasion and erosion rates than
other surface treatments. Compared with carburized,
nitrided, or coated steels (such as Cr, Ni, Cr,C,, CrB,
NiCrBC, TiN or WC), borided steels exhibit superior
performance.

Due to their high thermal and chemical stability,
boride layers retain their integrity under severe
conditions, making them suitable for pumps, valves,
molds, cutting tools, and wear-resistant machine
parts. Consequently, pack-powder boriding is a cost-
effective and efficient surface modification technique
that improves metallic component durability. It also
reduces energy consumption and wear-related costs
[4-9]. In iron-based alloys, this treatment forms the
iron borides FeB and Fe,B. Their relative proportions
depend strongly upon the processing conditions and
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the chemical composition of the substrate. Because of
its properties, a single Fe:B layer [9] is generally
preferred over a bilayer (FeB + Fe,B) for industrial
use [10]. This is because the (FeB/Fe,B) interface can
act as a weak point, prone to cracking under
mechanical or thermal stress, reducing service life.

The Fe:B phase has a tetragonal crystal structure
and presents high hardness, excellent wear resistance,
thermal stability, and a low friction coefficient,
making it suitable for components exposed to abrasive
wear and dynamic loading. Therefore, precise control
of boriding parameters is required to obtain a uniform,
strongly adherent single-phase layer.

In industry, ASTM A29 steel is a high-strength
alloy known for its hardness, wear resistance, fatigue
resistance, and thermal stability. It is particularly
suited for bolts, bearings, gears, camshafts, racks, and
other components under severe mechanical
conditions. However, the surface properties of ASTM
A29 steel can be significantly improved by boriding.
Recently, diffusion-based mathematical models have
been suggested to analyze the boriding kinetics of
Fe,B layers on different metallic alloys [11-16]. In
deterministic models, the system behaviour is entirely
ruled by diffusion laws and predefined physical
parameters. These approaches are generally based on
the solution of Fick’s laws and mass balance
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equations. Therefore, the mass transfer of B atoms can
be described using either analytical or numerical
formulations. Non deterministic models, such as
fuzzy logic systems, artificial neural networks, and
dimensional analysis approaches, are based on
approximations rather than pure physical equations.
In these models, the relationships between input
processing parameters and the output variable can be
obtained by using artificial intelligence techniques or
statistical tools. To illustrate this, Keddam et al. [11]
implemented the Taylor expansion model to
investigate the growth kinetics of Fe,B layers formed
on S235 steel. This recent kinetic approach offers
significant advantages over conventional diffusion
models because it provides a simplified formulation
of the diffusion problem along with an exact
analytical solution. In this approach, the B
concentration profile across the Fe,B layer is
represented by a Taylor series expansion around the
moving growth interface. The model is established by
solving the diffusion problem through an ordinary
differential equation formulation. In another study,
Ramadan et al. [12] developed a phase-field-based
model to investigate the crystallographic orientation
of iron boride needles formed during the boriding
process. The model incorporated the competitive
growth behaviour of boride needles and their
preferential orientation by accounting for interfacial
energy effects. In addition, the study revealed that the
textured growth of boride needles does not depend
upon the initial crystal size. Campos-Silva et al. [13]
applied the mean diffusion coefficient model for the
boriding kinetics of AISI 1018 and AISI 4140 steels,
where a single Fe,B layer was produced on the
surface. The model assumes a linear boron
concentration profile inside the Fe:B layer, while
boron mobility is represented by an effective constant
diffusion coefficient averaged over the layer
thickness. This parameter can be evaluated from the
experimentally measured parabolic growth constants.
By using nondeterministic approaches, Campos et al.
[14] modelled the Fe,B layer growth kinetics in the
case of AISI 1045 steel employing both Mamdani and
Takagi-Sugeno fuzzy logic approaches. Membership
functions were defined to fuzzify the input variables
and to represent the output in terms of layer thickness.
The system architecture is based upon two input
membership functions and a single output variable.
Both approaches involve fuzzification, membership
functions, and rule-based reasoning. However, the
Takagi—Sugeno method is generally more appropriate
for precise modelling and large-scale systems,
whereas the Mamdani approach generates fuzzy

outputs that must be converted into a crisp value,
unlike the Takagi—Sugeno method, which handles
mathematical functions to generate the output. Ortiz-
Dominguez et al. [15] proposed two approaches for
modelling the growth kinetics of Fe,B layers on AISI
1018 steel. The first kinetic approach used the mass
balance equation at the growing interface under a
steady-state diffusion regime. The dimensional
analysis model applied within the temperature range
of 1123 to 1273 K. The main advantage of this
approach is its ability to reduce the number of
physical variables into dimensionless groups using the
Buckingham-Pi theorem. This method therefore
constitutes an alternative to deterministic diffusion
models. Finally, Ortiz-Dominguez et al. [16] applied
both the integral method, based on the solution of
differential-algebraic equations, and the mean
diffusion coefficient model to predict the growth
kinetics of Fe,B layers on AISI 4147 steel. The
integral method differs from classical diffusion
models in its mathematical formulation. To sum up,
all these models provide reliable and accurate
predictions of layer thickness evolution and therefore
constitute essential tools for the design, optimization,
and automation of boriding processes in modern
industrial applications. The aim of this study is to
examine the boriding behaviour of ASTM A29 steel
using the solid boriding process within the
temperature range of 1123—1273 K. The resulting
surface layers were characterized by scanning
electron microscopy (SEM) coupled with energy-
dispersive spectroscopy (EDS). The hardness of the
formed boride layers was evaluated, and their wear
performance was investigated through pin-on-disc
wear testing. In addition, nanoindentation
experiments were conducted to determine the
nanohardness and elastic modulus of the Fe,B layers.
Lastly, the Taylor expansion model [11] was
implemented to determine the B activation energy in
Fe,B and to experimentally validate it.

2. Materials and Methods
2.1. Steel grade and boriding treatment

The nominal chemical composition of the ASTM
A29 steel for experiments is given (in wt. %) in Table
1. Cubic samples (10 x 10 x 10 mm?) were cut from
commercial square bars using a precision cutting
machine. Before boriding, the sample surfaces were
ground with silicon carbide papers of various grit
sizes to obtain a uniform finish. The substrates were
then subjected to powder-pack boriding at different
processing parameters; 1123, 1173, 1223, and 1273 K

Table 1. Chemical composition of ASTM A29 steel expressed in weight percent (wt.%)

Element (in wt.%) C Mn

Si Cr Mo P S

ASTM A29 steel 0.48 - 0.53 0.75-1.0

0.15-0.30 0.80-1.10 0.15-0.25 - -

@ 00
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Figure 1. Experimental setup used for the pack-boriding treatment. It includes: (1) a lid with a small opening for the release
of gaseous species, (2) the powder mixture used, (3) the sample to be treated, and (4) the main cylindrical body

of the container. All dimensions are given in mm

for treatment times up to 8 h. They were placed into a
heat-resistant stainless steel container and embedded
in a powder mixture (Figure 1). The boriding medium
consisted of 33.5 wt.% B,C as the boron donor, 5.4
wt.% KBF, as the activator, and 61.1 wt.% SiC as the
inert diluent. At elevated temperatures, KBF,
thermally decomposes, promoting the formation of
active boron-containing species that enhance boron
diffusion toward the steel surface. After boronizing
the specimens were slowly cooled to ambient
temperature.

2.2. Experimental techniques

The cross-sectional metallographic samples were
prepared according to standardized methods, i.e.
grinding by a set of emery papers, which was
followed by polishing with diamond suspensions with
particle sizes of 0.25 um and 0.05 um. Each polishing
stage was conducted for 20 min to obtain a mirror-like
surface suitable for accurate microstructural
characterization. After each polishing step, the
samples were thoroughly cleaned in an ultrasonic
acetone bath for 30 s in order to eliminate residual
contaminants and ensure optimal surface conditions.
The cross sections of borided samples were
chemically etched using a Nital solution (4 Vol.%) to
examine the microstructures in detail. The Fe,B layer
thickness was measured using both a VHX-7000 4K
optical microscope and a JEOL JSM-6510IV scanning
electron microscope coupled with energy-dispersive
spectroscopy (EDS), and enabling detailed

observation at different magnification levels.
Quantitative evaluation of the Fe,B layer thickness
was performed using Image-Pro Plus v.10.0 software
through automated image analysis approach, ensuring
high objectivity and reproducibility of the
measurements. The mean values of Fe B layers were
obtained based on 150 measurements according to the
practical method proposed by Kunst and Schaaber
[17]. These measurements were taken from each of
the 32 cross-sections of the treated samples, resulting
in robust and highly reliable thickness data. Figure 2
illustrates the metallographic preparation and
characterization procedure employed before and after
the boriding treatment.

X-ray diffraction (XRD) analyses were conducted
using a Phillips PW 1710 device, with Co K, (A =
0.179 nm), a step size of 0.01° s!, and a 26 scanning
range from 0° to 120°. Vickers microhardness profiles
were determined according to ASTM C1327 [18]
using a conventional DuraScan 20 G5 hardness tester
under two loads 50 and 100 gf and dwell time of 15 s.
To assess the brittle behaviour of borided surfaces
under indentation, qualitative images of indents were
categorized using the Vigdorovich—Nashel’skii
system [19]. This a commonly used method for
evaluating the brittle character of indented materials.
According to Figure 3, this classification ranges from
level 0, where no visible damage occurs, to level 5,
where extensive cracking is observed around the
indentation. The Young’s modulus of the Fe,B layer
was determined by nanoindentation using a TTX-
NHT tabletop tester (CSM Instruments) equipped
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Figure 2. Schematic representation of the experimental methodology employed for the preparation, thermochemical
treatment, metallographic processing, and microstructural characterization of ASTM A29 steel

with a Berkovich indenter, following the Oliver and
Pharr procedure [20]. This method establishes a
relationship between the applied force on the diamond
tip and the penetration depth, producing load-
displacement curves that exhibit elastic-plastic
deformation during loading and elastic recovery for
unloading. The friction behaviour of ASTM A29 steel
samples was assessed using pin-on-disc wear tests,
comparing untreated surfaces with the borided ones.
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The pin-on-disc tests were carried out in dry sliding
conditions at ambient temperature using a CSM
tribometer with a relative humidity of 40% [21].

2.3. The Taylor expansion model

The Taylor expansion model [11] is employed to

evaluate the B diffusion coefficients in Fe,B layers
formed on ASTM A29 steel. In this modelling

&

22

Figure 3. Classification system used to assess the brittleness of borided surfaces, including indicators of additional damage

around the indentation
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Figure 4. The generated Fe,B layer along with the B
distribution accross it

approach, the distribution function of B concentration
is approximated by a second-order Taylor series
expansion in the vicinity of the growing interface,
while accounting for the boride incubation time.
Figure 4 shows a schematic representation of the B
concentration profile together with the corresponding
microstructure of the Fe,B layers developed on
ASTM A29 steel.

C,**(=9.00 wt.%) is the upper B content in Fe,B
while C/%*(=8.83 wt.%) is the lower B content in the
same phase. u is representative of the Fe,B layer
thickness whose relation is expressed by Equation (4).
C, denotes the solublity of B atoms inside the
substrate which is negligeable (0 wt.%) [22].

u=kyt—t, (1)

In which the parameter k is representative of
parabolic growth constant for Fe,B, with t; the
incubation period of Fe,B layer. The kinetics of this
process are governed by the following first-order
differential equation:

low
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The analytical solution of Equation (2), analogous
to Equation (1), is presented in Equation (3):

u=,/2¢Dy, ,(t—1,)

with

(€)

3.1. SEM visualization of the cross-sections of
borided ASTM A29 steel samples with EDS
analysis

Figure 5 presents SEM images of the cross-
sections of boronized samples treated for 6 h at
different temperatures. The optical images clearly
show the formation of dense, continuous Fe,B layers
on the ASTM A29 steel surface, with a less
pronounced saw-tooth morphology at the (boride
layer/ substrate) interface. The Fe,B layers exhibit a
uniform thickness across all samples, indicating that
the boriding process was well controlled. The Fe,B
layer thickness increases with rising temperature after
6 h of treatment, growing from 37.69 = 5.9 to 137.96
+ 22.6 pm as a result of enhanced boron diffusion.
Regardless of the processing parameters, the
developed interfaces exhibit an acicular morphology,
although it is less pronounced. The needle-like boride
morphology, with varying lengths, is particularly
evident in Armco iron [23] and low-carbon steels
[24], whereas in high-alloy steels [25] it tends to
evolve toward a more planar interface.

Figure 6 shows SEM micrographs of cross-
sections of borided ASTM A29 steel, together with
qualitative energy-dispersive spectroscopy (EDS)
results. The EDS analyses were performed to identify
the characteristic peaks of iron and boron, as well as
those of other elements present within the boride
layer. In Figure 6a, near the surface region, distinct
peaks corresponding to boron and iron are observed.
This indicates the reactive diffusion of boron atoms
with iron atoms, leading to the formation of the Fe.B
phase when the boron concentration reaches a critical
equilibrium value close to its theoretical content in
this phase. In contrast, at the interface between the
Fe,B layer and the substrate (Figure 6b), the boron
peak is no longer detected due to its extremely low
concentration. Consequently, boron is not observed in
this region, as its solubility away from the boride layer
is negligible. The EDS results show that the Fe.B
layer contains about 8.28 wt.% boron, which is in
close agreement with the theoretical composition of
this phase. It should be noted that the detection of
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Figure 5. SEM micrographs showing the Fe,B layers on the ASTM A29 steel obtained at different temperatures for 6 h:
(a) 1123 K, (b) 1173 K, (c) 1223 K, and (d) 1273 K
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Figure 6. SEM images of cross-sections of boride layers obtained at 1273 K for 8 h along with the EDS analyses in two

distinct locations: (a) near the top surface, (b) at the (boride layer/substrate) interface
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light elements such as boron requires high-sensitivity
instrumentation, typically employing silicon-or
lithium-based detectors. Furthermore, the analysis
indicated that elements such as Si, C, and Mo do not
dissolve in the lattice of Fe,B phase, whereas Cr and
Mn were found to be soluble within the Fe.B layer, in
accordance with previous finding [26]. The obtained
results are in qualitative agreement with the findings
reported by Kul et al. [27], who formed a Fe,B layer
on AISI 8620 steel via liquid boronizing. In their
work, elemental analysis indicated a progressive
reduction in boron content from the surface towards
the steel matrix. They overestimated the B
concentration in Fe,B to approximately 20 wt.% using
EDS analysis, whereas in our study the corresponding
concentration was 8.28 wt.%.

3.2. XRD analysis

Figure 7 shows the diffraction patterns of samples
treated at 1273 K for 4, 6, and 8 h, illustrating the
progressive development of the boride layer with
increasing treatment duration. The observed
diffraction peaks correspond exclusively to the Fe,B
phase, with no secondary phases detected. In addition,
the obtained diffracting peaks pertaining to the Fe,B
phase vary in intensity depending upon the treatment
times at 1273 K. According to ICDD reference 00-

1800

036-1332, the diffraction peaks observed near 50°
correspond to the most intense reflections of the Fe,B
phase. These peaks are consistently present in all
diffraction patterns, thereby confirming the formation
of the Fe,B phase. The amount of boron atoms in the
powder mixture was therefore sufficient to give rise to
the Fe,B phase after reactive diffusion with iron
atoms. Sanchez-Fuentes et al. [26] used the
commercial reused boron paste to treat the AISI 9254
steel at temperatures ranging from 1173 to 1273 K.
XRD analyses revealed the formation of an Fe,B
layer, along with secondary boride precipitates such
as MnB and CrB. These findings are in line with the
present study. However, in our work, secondary
phases were not detected within the Fe,B layer formed
on the treated steel, due to differences in the
proportion of alloying elements.

3.3. Microhardness mesurements

Figure 8 shows the Vickers indents on SEM
images of the cross-sections of boride layers obtained
at 1223 K for 6 h and at 1273 K for 4 h, respectively.
The measured diagonals of the Vickers indents vary
across the boride layer. Based on XRD analyses, a
monophased layer was formed, and the Fe,B phase is
known to exhibit very high hardness values, typically
ranging from 1800 to 2000 HV [28, 29]. The analysis
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Figure 7. XRD diffractograms of borided surfaces of ASTM A29 steel at 1273 K for different treatment times. (a) 4 h, (b)
6 h,and (c) 8 h
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Figure 8. Optical images showing the Vickers indents along the boride layers for two different loads and processing

parameters :

of the borided samples confirms that the surface
exhibits extremely high hardness as a result of the
Fe,B layer formation on the steel substrate. As
illustrated in Figures 8a and 8b, the samples exhibited
surface hardness values of 1870 HV0.05 and 1930
HVO0.10, respectively. These results indicate that
higher boriding temperature significantly increases
the coating hardness. By comparison, the substrate
showed an average hardness of 304 HVO0.10,
demonstrating that boriding improves the surface
hardness of ASTM A29 steel by a factor of 6.25. It has
been reported that, several factors can affect the
surface hardness of Fe,B layers, including residual
thermal stresses, boriding conditions and duration
time, the chemical composition of the substrate, and
the anisotropy properties of the coating [29, 30].
Based on previously reported literature results, Li et
al. [31] boronized the 18CrNiMo7-6 steel under
vacuum condition employing a powder mixture with
: (10 wt.% B,C, 10 wt.% KBF,, and 80 wt.% SiC).
The resulting boride layers exhibited a biphasic
microstructure (FeB and Fe:B) after treatment at 1273
K for 1, 2, and 4 h. The measured average
microhardness values of the FeB and Fe,B layers were
1440 HVO0.05 and 1050 HVO0.05, respectively.
Notably, the Vickers microhardness of the Fe,B layer
reported by Li et al. [31] was lower than the value
obtained in the present study. It is widely recognized
that the Vickers hardness of FeB and Fe,B layers is
greatly affected by the applied treatment parameters
[32, 33]. To evaluate the brittle behaviour of the
coating after indentation, the resulting impressions
were classified according to the Vigdorovich—
Nashel’skii scheme [19], which is widely applied to
brittle materials. As depicted in Figure 3, damage
levels range from O (no observable damage) to 5
(severe cracking around the indent). Figure 9 shows

30 pm

(a) 6 hat 1223 K under a load of 50 gf, and (b) 4 h at 1273 K under a load of 100 gf

the indentation responses of borided surfaces treated
at 1273 K for 4 h under two applied loads of 50 gf and
100 gf. The micrographs reveal that higher applied
loads result in increased surface damage,
characterized by more pronounced cracking and
material deformation, indicative of the brittle
behaviour of the Fe,B layer. As shown in Figure 9a,
crack initiation primarily occurs at the indentation
corners. In contrast, Figure 9b reveals that cracking is
concentrated along or near the indentation perimeter,
forming a characteristic semicircular pattern. This
behaviour is associated with the pronounced
anisotropy of the Fe,B phase. Its body-centered
tetragonal crystal structure possesses preferential
cleavage planes that induce volumetric expansion and
generate circumferential tensile stresses, which
facilitate the formation and propagation of curved
cracks, rather than the linear cracks typically observed
in other ceramic phases such as FeB [34].
Furthermore, the development of semicircular
crack patterns in tetragonal ceramics is strongly
affected by crystallographic orientation. Chevalier et
al. [35] demonstrated that crack propagation
preferentially follows crystallographic directions
perpendicular to the transformation plane, resulting in
a semicircular crack network around the indentation.
The processing parameters directly affects the
thickness, morphology, and mechanical response of
the Fe,B layer. Higher temperatures and longer
treatment times promote the formation of thicker
boride layers with increased hardness due to enhanced
boron diffusion kinetics. However, these conditions
also contribute to higher residual stresses and
increased crack sensitivity during indentation testing.
In the present work, the samples borided at 1273 K for
4 h exhibited brittleness grades 4 and 5 under applied
loads of 50 gf and 100 gf, respectively. The transition



Martin Ortiz-Dominguez et al. / J. Min. Metall. Sect. B-Metall. 62 (2) (2026) 131 - 147

139

Fe,B

Grade 4

Figure 9. Behaviour of Fe,B
indenter: (a) 50 gf and (b) 100 gf

from grade 4 to grade 5 indicates that increasing the
applied load intensifies crack nucleation and
propagation around the indentation site. This
behaviour is associated with the intrinsic brittleness of
the Fe,B phase and its anisotropic tetragonal crystal

structure, which promotes preferential crack
propagation along specific  crystallographic
directions.

3.4. Estimation of the elastic modulus of Fe,B
layers via nanoindentation testing

SEM images of the borided steels, presented in
Figure 10, show the indentations obtained at 1223 K
for 6 h (Figure 10a) and 1273 K for 4 h (Figure 10b).
In Figure 10a, the nanohardness and elastic modulus
were measured at 21.75 GPa (HIT) and 360 GPa
(EIT), respectively. In Figure 10b, the corresponding
values were 21.98 GPa (HIT) and 376 GPa (EIT),
which are in good agreement with previously reported
data for the Fe,B phase [34]. Kulka et al. [36]
determined the elastic moduli of iron borides (FeB

a)
50 E
40
= Hir =21.75 GPa
Z 5] E;=360GPa
o hax = 378 nm
S hy/hpax = 0.53
20 4
10 ~
0 > T L ¥ T T
0 100 200 300 400

Displacement h (nm)

layers formed on ASTM A29 steel (1273 K for 4 h) under two applied loads using a Vickers

and Fe,B) as well as their nanohardness in pack-
boronized X165CrV12 steel using an applied load of
50 mN. They reported an average elastic modulus of
339.75 + 17.44 GPa, together with a corresponding
nanohardness value of 17.45 + 1.20 GPa. Reported
values for the elastic modulus of iron borides vary
across studies in the literature. For instance, Kulka et
al. [37] evaluated the elastic modulus of Fe,B layers
formed on Armco iron by gas boriding. Two types of
iron borides were produced on the surface at 1193 K
for 3 h. Using a Berkovich diamond nanoindenter
under a load of 50 mN, they measured an elastic
modulus of 252.96 + 15.57 GPa and a nanohardness
of 17.42 + 0.80 GPa. The higher load used in their
nanoindentation tests likely accounts for the
differences in elastic modulus compared to the results
obtained in the present study. In another work,
Rodriguez-Castro et al. [38] performed mechanical
characterization of borided AISI D2 steel using the
Berkovich nanoindentation technique. They reported
that the elastic modulus of Fe,B layers, measured at a
constant load of 250 mN, ranged from 242 to 290
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Figure 10. SEM images of indents and nanoindentation curves for two processing parameters (a) steel borided at 1223 K

for 6 h and (b) steel borided at 1273 K for 4 h
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GPa, which differs from the values obtained in the
present study. This discrepancy is likely due to the
lower applied load of 55 mN and differences in other
processing parameters.

3.5. Tribological performance evaluation of
Fe,B layer

The frictional performance of ASTM A29 steel
was evaluated using pin-on-disc wear tests,
comparing untreated steel with borided. Figure 11
shows the variation of the friction coefficient as a
function of sliding distance under dry conditions for
both untreated and borided steels. The results reveal a
substantial decrease in friction after the boriding
treatment. In particular, boriding at 1273 K for 8 h
resulted in the formation of a hard boride layer, which
lowered the average friction coefficient to
approximately 0.25-0.29, whereas the untreated steel
exhibited higher values in the range of 0.60-0.62.
Similar reductions in friction due to boriding have
also been documented in previous studies,
irrespective of the processing parameters employed
[39]. Figure 12 presents the wear scar profiles versus
sliding distance for both borided and untreated steels
after the wear tests. As illustrated, the borided ASTM
A29 steel shows a markedly lower wear rate
compared to the untreated substrate. This difference is
especially evident for the steel treated at 1273 K for 8
h, which produced the thickest boride layer. The
untreated steel exhibits severe wear, characterized by
a wide and deep wear track, whereas the borided steel
displays a significantly narrower and shallower
groove, highlighting the improved wear resistance
imparted by the Fe,B layer during dry sliding. This
improvement can be attributed to its capability to
sustain applied loads and more effectively distribute
deformation across the contact surface. These results
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Figure 11. Evolution of the friction coefficient as a function
of sliding distance for two ASTM A29 steel
surfaces: borided (1273 K for 8 h) and unborided

align with previous studies in the literature [40]. In
another study, the wear performance of borided AISI
316L steel was evaluated in detail by Hernandez-
Sanchez et al. [41]. Their results indicated that the
selected processing parameters had a significant
influence on the wear performance of borided layers.
The lowest friction coefficient (= 0.3) was obtained
for the sample borided at 950°C for 6 h, whereas the
untreated steel had a higher value of 0.8. This
substantial reduction in friction was ascribed to the
formation of H,BO,, which acts as an effective solid
lubricant on the boronized surface. In addition, the
results showed that a single-phase Fe,B layer had
greater resistance to wear than the bilayer (FeB +
Fe,B). Based on the quantitative interpretation of the
Vigdorovich—Nashel’skii classification, it is evident
that the boriding parameters strongly affect the
balance between hardness and fracture resistance.
Although higher boriding temperatures improve
tribological performance by forming thicker Fe.B
layers with superior wear resistance, excessive
brittleness may reduce coating reliability under severe
impact or cyclic loading conditions. Therefore,
optimizing the boriding parameters is essential to
obtain coatings with an appropriate balance of
hardness, wear resistance, and crack tolerance during
service. Regarding other reported works on borided
iron-based alloys, Lopez-Leyva et al. [42]
investigated the combined effects of boriding,
interrupted austempering, and cryogenic treatment on
the brittleness behaviour of 8 wt.% Cr alloyed steel.
Their results revealed that the brittleness grades were
strongly correlated with the hardness values of the
treated material. Furthermore, the combined boriding
and post-treatment processes markedly influenced
both the wear performance and brittleness
characteristics of the steel. The highest wear
resistance was achieved in samples that were borided,
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Figure 12. Wear scar profiles of untreated and surface-
hardened ASTM A29 steel after boriding at 1273

K for 8 h
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interrupted austempered, and cryogenically treated,
which was attributed to the transformation of the
bilayer (FeB + Fe,B) into a single Fe.B layer. In
another study, Tlili et al. [43] applied the boriding
process to 13Cr5Ni2Mo steel at 950 °C for 4 h. Their
study revealed the formation of a bilayer (FeB +
Fe,B), together with metallic boride precipitates.
After boriding, the surface hardness increased
significantly, attaining approximately 2160 HV0.05.
Nanoindentation measurements revealed that the
Young’s modulus values were about 26.367 GPa for
FeB and 24.294 GPa for Fe,B. In addition, the
boriding process considerably enhanced the wear
resistance of 13Cr5Ni2Mo steel, with the
improvement depending on the applied normal load.
The wear performance was reported to increase by
nearly 6 to 13 times compared with the untreated
substrate. Ayvaz [44] pack-borided the AISI 1050
steel at 875 °C for treatment durations of 2, 4, and 6
h. Their results revealed that the dominant phase
formed within the boride layer was Fe,B. The treated
samples exhibited a maximum surface hardness of
1543.8 HVO0.1. In addition, the specific wear loss was
significantly reduced by a factor of approximately 24
compared with the untreated substrate, indicating a
significant enhancement in wear resistance after
boriding. Concerning the boriding of non-ferrous
alloys, Tiirkmen et al. [45] investigated the influence
of boronizing parameters on the mechanical and
tribological properties of Monel K-500 alloy. Their
results revealed that the boronized alloy exhibited an
approximately tenfold increase in surface hardness
and a twenty-fourfold enhancement in wear resistance
compared with the untreated substrate. In another
study, Kara and Piir¢ek [46] studied the influence of
boride coatings on the wear behaviour of biomedical
grade Ti—45Nb alloy. The study focused on the
influence of boriding treatment on the tribological
performance, wear mechanisms, and surface
degradation of the alloy under dry sliding conditions.
They reported that the formation of hard boride layers
significantly improved the wear resistance of Ti—
45ND alloy by reducing material loss, surface damage,
and friction-related deterioration compared with the
untreated substrate. Attar et al. [47] used Selective
Laser Melting to fabricate Ti and Ti-TiB composite
materials, whose nanoindentation and wear properties
were subsequently evaluated.

The study examined the effect of TiB
reinforcement on the microstructure, nanohardness,
elastic modulus, and tribological behaviour of the
produced composites. They reported that the
incorporation of TiB phase significantly enhanced the
tribological performance and nanomechanical
properties of the titanium matrix, while
simultaneously reducing material loss and friction
during sliding wear tests.

3.6. Exploitation of the Taylor expansion model

The Taylor expansion model [11] was employed to
evaluate the boron diffusivity in Fe,B over the
temperature range 1123—1273 K. Figure 13 illustrates
the evolution of the square of the layer thickness as a
function of treatment time within the considered
temperature range. Characteristic incubation periods

have similar values across the investigated
temperature range.
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Figure 13. Kinetic analysis of Fe,B layer growth over time

Table 2 gives the experimental k values from the
kinetic analysis and the corresponding incubation
times, independent of temperature.

In Table 3, are included the assessed B diffusion
coefficients in Fe,B for a constant dimensionless
parameter that is independent of temperature.

By considering the linear fitting of the temperature
dependence of boron diffusivity through the Fe,B
layers in accordance with the Arrhenius relationship
[48], Equation (6) was derived as follows:

Table 2. Experimental k values with the incubation times
in the temperature range 1123- 1273 K

T (K) k (pm-s0%) t,(s)

1123 0.2688 1950.1
1173 0.4241 1950.3
1223 0.6446 1949.7
1273 0.9841 1949.2

Table 3. Assessed B diffusion coefficients in Fe,B with the
Taylor expansion model

T (K) D, ,(<10 2 m’ s
1123 1.91

1173 4.76

1223 10.99

1273 25.63

@ 00

BY SA
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205k) mol”! the dominant diffusion paths, including lattice
D.  =648-10"° exp(—i) (6) diffusion, grain-boundary diffusion, and defect-
fab RT assisted diffusion mechanisms. In addition,

Where T denotes the temperature in Kelvin and R
=8.314 J mol "K' the universal gas constant.

Table 4 lists the published values of B activation
energies obtained for various borided steels, along
with the value found in the present study [13, 32, 49-
55]. The differences in activation energy reported in
Table 4 are strongly influenced by several intrinsic
factors governing boriding kinetics, including: (i) the
chemical composition of the substrate, particularly the
concentration of alloying elements such as Cr, Mn,
Mo, and Si, which may affect boron mobility and the
formation of alloy borides; (ii) the activity and
composition of the boron source, since different
powder mixtures and reactive media modify the
concentration of active boron species available at the
steel surface; (iii) the boriding technique employed
(powder-pack, plasma, electrochemical, cathodic
reduction and thermal diffusion (CRTD), boro-
sintering, etc.), which changes the diffusion
mechanism and the kinetics of boron transfer; and (iv)

differences in the activation energy may arise from the
methodology used for its evaluation, either through
empirical relations based on the classical parabolic
law [49, 51-53] or through diffusion models [11, 13,
16, 32, 54, 55]. For example, Castillo-Vela et al. [13]
recently patented a surface modification process,
abbreviated as PDCPB, for boronizing the AISI 1018
and AISI 4140 steels. Their results revealed lower
boron activation energy values, which were attributed
to the influence of electromigration on boron
diffusion, leading to enhanced diffusion kinetics. The
4Cr5MoSiV1 steel was borided by Delai et al. [32]
with 5 wt.% B,C, 4 wt.% KBF,, 5 wt.% C, and 88
wt.% SiC. This mixture produced FeB and Fe,B
layers. The activation energies calculated using the
error-function model were 205.25 and 170.91
kl'mol™' for FeB and Fe,B, respectively. The
activation energy obtained for the Fe,B phase was
lower than that reported in the present work, which
can be attributed to differences in powder mixture
composition and processing parameters. Gunes et al.

Table 4. Comparative analysis of the differences in activation energy values

e Temperature | Activation energy (KJ
Steel Type of boriding interval (K) mol) The approach used Refs.
- +
AISI 8620 Plasma paste 973-1073 99.77 11(3)52?34) (FeB Parabolic growth law [49]
AISI 1018 PDCPB 1073-1173 148.2 8.2 (Fe,B) MDC model [13]
AISI 4140 PDCPB 1073-1173 155.2 8.1 (Fe,B) MDC model [13]
AISIT1 CRTD 1123-1323 179 (FeB + Fe,B) Parabolic growth law [50]
AISI 304L Powder 1123-1223 222.81 (FeB+ Fe,B) Parabolic growth law [51]
. 205.25 (FeB) . o s
4Cr5MoSiV1 Powder 1123-1253 17091 (Fe,B) Transient diffusion model [32]
AISI 316 Boro-sintering 1173-1273 168.4 (FeB+ Fe,B) Parabolic growth law [52]
AISI H13 Electro-chemical | 1123-1323 168.4 (FeB+ Fe,B) Parabolic growth law [53]
240.37 (FeB) . e
AISI H13 Powder 1123-1273 232.62 (Fe,B) Modified diffusion model [54]
AISI 1045 Powder 1123-1273 180 (Fe,B) Transient diffusion model [55]
ASTM A29 Powder 1123-1273 205 (Fe,B) Taylor expansion model This work
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Table 5. Experimental verification of the Taylor expansion model using four boriding conditions

Boriding Conditions Experimental Fe B layer thickness (um) Predicted Fe,B layer thickness (um)
1173 K for 9.0 h 7241 +£103 74.4
1223 K for 3.0 h 60.65 +9.85 60.52
1223 K for4.5h 75.06 £ 11.55 76.92
1273 K for 5.0 h 120.8 +19.89 1233

[49] plasma- paste borided the surfaces of AISI 8620
steels with 100 wt.% borax as well as borax-based
mixtures containing B,C or SiC in different
proportions. Their kinetic analysis yielded activation
energy values between 99.77 and 108.24 kJ-mol™'.
The lowest activation energy was obtained for the
paste containing 100 wt.% borax. This fact was
ascribed to plasma activation, which enhances the
release of active boron ions responsible for iron
boride formation. In another study, Kartal et al. [50]
boronized AISI T1 steel using an environmentally
friendly technique known as cathodic reduction and
thermal diffusion (CRTD). The activation energy
determined in this case was 179 kJ-mol"! for AISI T1
steel. The activation energy obtained in the present
study is lower than the reported value, which can be
ascribed to differences in the kinetics of the chemical
or electrochemical reactions involved. Moreover, this
process reduces the treatment time and promotes
subsequent phase homogenization, resulting in the
formation of a single Fe,B layer. Kayali [51] pack-
borided the AISI 304L steel using an Ekabor powder
mixture in the temperature range 1123—-1223 K. This
treatment led to the formation of FeB and Fe B layers,
along with metal boride precipitates, with an
estimated activation energy of 222.81 kJ-mol". This
value is higher than that obtained in the current work,
since the chemical compositions of AISI 304L and
ASTM A29 steels are not identical. Ayvaz et al. [52]
employed the boro-sintering process on AISI 316 steel

SED 20.0 kV X 200

— 50 QM

fabricated by powder metallurgy obtaining an
activation energy of 190.29 kJ-mol'. They also
showed that the sintering temperature and processing
parameters strongly affected the porosity level of the
densified AISI 316 steel substrates. During boro-
sintering, densification was governed by competing
mechanisms, including surface diffusion, grain-
boundary diffusion at the formed interfaces, and
diffusion associated with plastic deformation. Mourad
et al. [53] applied the electrochemical boriding to the
AISI H13 steel. This thermochemical treatment was
performed in a molten borax bath composed of 22.5
wt.% ferroboron, 70 wt.% borax, and 7.5 wt.%
NH4Cl, within the temperature range 1123-1323 K,
under an applied current density of 200 mA-cm™.

The process resulted in the formation of a bilayer
(FeB+ Fe,B) with an activation energy of 168.4
kJ-mol!, which differs from the current work. This
difference can be attributed to the nature and kinetics
of the electrochemical reactions involved in
electrochemical boriding compared with powder-pack
boriding.

Figure 14 presents SEM micrographs of the cross-
sections of boronized ASTM A29 steel processed
under four additional boronizing conditions. The
proposed model was experimentally validated by
using four additional boriding conditions: (1173 K for
9 h, 1223 K for 3 and 4.5 h as well as 1273 K for 5 h)
The results shown in Table 5 indicate that the model
reproduces the experimental data with good accuracy.
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Figure 14. SEM micrographs of cross-section of borided ASTM A29 steels for 4 additional processing parameters: (a) 1173
K for 9 h, (b) 1223 K for 3 h, (c) 1223 K for 4.5 h and (d) 1273 K for 5 h

4. Conclusions

In the present study, ASTM A29 steel was surface-
hardened by boriding at temperatures between 1123
and 1273 K, with holding times of up to 8 h. The main
findings of this investigation areas follows:

1. The boronized layers on ASTMA29 steel were
compact and monophased with a saw- toothed shape
and layer thickness ranging from 19.48 + 2.2 to
161.27 +26.2 pm.

2. XRD analysis identified a monolayer composed
of the Fe,B phase without secondary phases for the
selected processing parameters.

3. The highest surface hardness values measured
using the Vickers indenter were 1870 HV0.05 and
1930 HVO0.10, achieved for the steels borided at 1223
K for 6 h and 1273 K for 4 h, respectively, at a depth
of approximately 10 pm from the surface. In contrast,
the Vickers hardness of the substrate had a value of
304 HVO0.10.

4. The influence of the applied Vickers load on the
brittle behaviour of the Fe.B layer formed at 1273 K
for 4 h was examined. At a load of 50 gf, the damage
was relatively limited, with cracks initiating at the
corners of the indentation; this damage was classified
as grade 4 as per the Vigdorovich—Nashel’skii
criterion. When the load was increased to 100 gf, the
indentation damage became more pronounced, with
crack propagation exhibiting a semicircular pattern,
also categorized as grade 5.

5. During sliding wear tests, the friction
coefficient of the steel borided at 1273 K for 8 h
ranged between 0.25 and 0.29, whereas the untreated
steel exhibited higher values between 0.60 and 0.62.
Consequently, the Fe:B layer contributed to the

improved wear resistance of ASTM A29 steel.

6. Based on nanoindentation measurements, the
elastic modulus of the Fe.B phase was found to be 360
and 376 GPa for the samples borided at 1223 K for 6
h and 1273 K for 4 h, respectively. The determined
nanohardness values were 21.75 and 21.98 GPa,
respectively. These results are in good agreement with
those reported in the literature for an applied load of
50 mN.

7. The B activation energy in Fe.B was
determined to be 205 kJ-mol™ for the ASTM A29
steel. The TE model was validated at 1223 K for 3 h
and 4.5 h, at 1173 K for 9 h, and at 1273 K during 5
h.The experimental measurements agreed with its
predictions

8. Lastly, the Taylor expansion model can also be
extended to other diffusion-controlled processes.
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Apstrakt

U ovom radu ispituje se primena postupka boriranja u pakovanju na niskolegirani celik tipa ASTM A29 u temperaturnom
opsegu od 1123 do 1273 K. Mikroskopska posmatranja pokazala su formiranje jednofaznog Fe,B sloja pri svim
temperaturama obrade, sa manje izrazenom nazubljenom morfologijom medupovrsine. Tribolosko ponasanje boridnih
slojeva proucavano je primenom ispitivanja metodom kliznog para klinast uzorak—disk (pin-on-disc), a njihova
nanomehanicka svojstva — modul elasticnosti i nanotvrdoéa — odredena su nanoindentacionim ispitivanjima. Pored toga,
implementiran je model zasnovan na Tejlorovom razvoju (TE) radi odredivanja koeficijenata difuzije bora u Fe,B i energije
aktivacije. Empirijska verifikacija ovog pristupa izvrsena je primenom Cetiri dodatna rezZima boriranja.

Kljuéne reci: Boriranje; Kinetika; Tribologija; Nanomehanicka svojstva; Model Tejlorovog razvoja,; Energija aktivacije
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