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Abstract: This work compares the tribological behavior of surface layers obtained by three different
hardening processes. The layers were formed on the surface of AISI 4140 steel by applying three
different thermochemical treatments. Wear resistance was evaluated using a standardized tribological
machine for abrasive wear, according to the limits established by the ASTM G65 “Standard Test
Method for Measuring Abrasion Using Dry Sand/Rubber Wheel Apparatus”. According to the
results, the boride layers exhibited the highest wear resistance, as compared to nitrided and carburized
layers. In contrast, the carburized layers presented the highest loss of volume. Scanning electron
microscopy (SEM) was used to analyze the worn surfaces to examine the wear mechanisms. Abrasive
wear was identified in all the samples, as the main abrasive wear mechanism. The mean values of
the coefficient of friction (CoF) of the hardened surfaces were 0.39, 0.55, and 0.65 for carburizing,
nitriding, and boriding samples, respectively, indicating that the wear process may not always be
related to a low CoF. The results suggest that the highest hardness is normally associated with high
wear resistance, but the coefficient of friction could be not directly related to the hardness of the
materials. Finally, a statistical study demonstrates the random nature of the layers obtained by three
different hardening processes.

Keywords: abrasive wear; diffusion processes; hard layers; boriding; nitriding; carburizing

1. Introduction

AISI 4140 steel is frequently used in industrial applications, such as automotive
crankshafts, cams, and spindles. In many cases, the elements manufactured with AISI
4140 steel are exposed to friction due to the relative movement of individual bodies in
contact with each other [1]. The study and understanding of this phenomenon are essential
due to the fact that friction between mechanical elements can lead to economic losses of
approximately 0.5% of the gross domestic product (GDP) in developed countries [2]. On the
other hand, there exist different conditions leading to wear, such as surface–surface contact
(friction wear), surface contact with a strange substance (abrasive wear), and erosion by

Crystals 2022, 12, 298. https://doi.org/10.3390/cryst12020298 https://www.mdpi.com/journal/crystals

https://doi.org/10.3390/cryst12020298
https://doi.org/10.3390/cryst12020298
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0003-3890-6679
https://orcid.org/0000-0001-5690-1746
https://orcid.org/0000-0001-5021-9818
https://doi.org/10.3390/cryst12020298
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst12020298?type=check_update&version=1


Crystals 2022, 12, 298 2 of 19

corrosive materials (corrosive wear). Thus, the study and control of wear is not a simple
task, and it depends on the system in question. The problem of wear is present in all kinds
of industries, even in orthopedic surgery, where one of the main problems encountered
with hip and knee prostheses is aseptic loosening. This problem has been associated with
the tissue reaction to wear particles of the implant material produced by friction between
the contacting surfaces [3]. In that sense, different methods to prevent wear have been
developed. The use of lubricants between two sliding solids can reduce friction and,
therefore, the wear on the materials.

To reduce wear, several researchers have focused on enhancing the surface mechanical
properties of the materials by applying different surface-hardening methods. Processes,
such as carburizing, nitriding, and boriding, have been widely used to improve the ma-
terials’ surface properties. Generally, these processes are cheaper than substituting the
machinery elements with others of more expensive materials [4]. Carburizing, nitriding,
and boriding are thermochemical processes, so they involve increasing the temperature to
activate the element to diffuse in each case [5]. In carburizing, the activation temperature
of the carbon ranges between 815 ◦C and 1070 ◦C. The carbon is typically supplied by solid,
liquid, or gaseous media. The resulting layers range from 0.05 to 1.5 mm with hardness
values in the range of 540–885 HV [5].

Comparatively, nitriding consists of diffusing nitrogen from gases rich in nitrogen (N),
such as ammonia (NH3), or the dissociative adsorption of N2 into a steel matrix to form
nitriding compounds, such as FeN and FeN2 [6]. The activation temperature of nitrogen
ranges from 480 ◦C to 800 ◦C. The obtained layer’s thickness varies between 0.0025 to
0.75 mm with hardness values from 510 to 1020 HV [6]. Finally, the activation temperature
for the boriding process ranges from 800 ◦C to 1100 ◦C. The process takes place in solid,
liquid, or gaseous media, and the resulting layers can be in a single-phase layer consisting
of Fe2B or a double-phase layer of FeB/Fe2B. The thickness of the resulting layers ranges
from 10 to 250 µm, depending on the chemical composition of the substrate, the boron
potential supplied during the process, and the treatment conditions (e.g., temperature and
time) [7]. The tribological behavior of the resulting surfaces will depend on the applied
surface-hardening process.

This research studies surface hardening on AISI 4140 steel. The subject steel is con-
sidered low-alloy steel; that is, it is steel alloyed with various elements to improve its
mechanical characteristics and corrosion resistance. One feature of this steel is that it
contains less chromium than stainless steel. The AISI 4140 steel has many applications in
the following industries: aerospace, oil and gas, manufacturing, and automotive [8–10].
Table 1 describes specific applications of AISI 4140 steel for different industries. Nearly
all these pieces or mechanical parts undergo wear when working. For this reason, it is
necessary to improve their wear resistance to increase their working lifetime.

Table 1. AISI 4140 steel application for different kinds of industries [8–10].

Aerospace Industry Oil and Gas Industry Automotive Industry Manufacturing Industry Other Industries

• Sheets and plates
• Tubing
• Rod and forgings
• Bars
• Bolts and nuts
• Fixtures
• Ejectors

• Coupling
• Tubing
• Piping and fittings
• Drill collar
• Ejectors
• Valves
• Pump shafts

• Shafts
• Crankshafts
• Fixtures
• Gears
• Bars
• Piston rod

• Milling spindles
• Machinery parts
• Bolts and nuts
• Slides
• Steel collet
• Steel Conveyor and Roll

• Forks
• Axles
• Tracks
• Sprockets
• Lathe spindles
• Guides

AISI 4140 steel has an excellent capability to be quenched to enhance its mechanical
properties in order to mitigate wear and corrosion [11,12]. However, sometimes quenching
is not enough for the wear conditions.

Different researchers have reported the effect of diverse hardening processes on the
mechanical and tribological properties of AISI 4140 steel [11,12]. Nevertheless, there
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is still much to investigate about the tribological behavior of hardened AISI 4140 steel.
Additionally, there are other hardening methods to enhance the surface properties of the
materials. This paper details and compares the tribological behavior of the surface layers
obtained by three different hardening processes. The processes involve solid diffusion
(e.g., boriding, nitriding, and carburizing) applied to AISI 4140. Finally, the study involves
two different methods to evaluate wear resistance and coefficient of friction (CoF).

2. Materials and Methods
2.1. Thermochemical Treatments

Cylindrical samples of AISI 4140 steel of 50.8 mm in diameter and 10 mm in length
were prepared under a traditional metallographic technique using 600 mesh SiC paper.
The chemical composition of AISI 4140 steel samples is described in Table 2. After the
metallographic process, samples were cleaned in an ultrasonic bath for 5 min in ethanol to
eliminate impurities.

Table 2. Chemical composition of the AISI 4140 steel.

Nominal Composition

Element Content (w. %)

Carbon 0.40
Manganese 0.90

Silicon 0.30
Chromium 1.00

Molybdenum 0.20
Iron Balance

Three different thermochemical surface-hardening processes were applied to the
samples (i.e., nitriding, carburizing, and boriding). Nitriding was completed by melting salt
by the Tenifer technique at 580 ◦C for 2 h (TERMITEC, Mexico City, Mexico). Carburizing
was performed using the powder-pack process at 800 ◦C for 4 h in a powder mixture of
sodium carbonate and barium carbonate [12]. Finally, boriding was conducted at 950 ◦C for
4 h by the powder-pack method [13]. The treatment conditions were established considering
the data reported in the literature to have comparative results [12,13]. Three samples were
treated for each thermochemical process according to the ASTM G-65 standard to ensure
the reproducibility of the results [14].

2.2. Surface Characterization

After the thermochemical processes, the samples were cleaned with Scotch fiber and
water. Then, the samples were cleaned by sonication for five minutes in ethanol and
deionized water (50/50) and dried with hot air. The morphology and the thickness of the
formed layers were analyzed by optical microscopy (OM), with the aid of a GX-51 optical
microscope (Olympus, Center Valley, PA, USA), and by scanning electron microscopy (SEM)
(JSM-6360LV, JEOL, JEOL Ltd., Akishima, Japan). The nature of the different phases formed
after the hardening processes was evidenced by X-ray diffraction (XRD), with the aid of
a D8 FOCUS diffractometer using Cu–Kα radiation at a wavelength of 1.5418 Å (Bruker,
Billerica, MA, USA).

The hardness of hardened surfaces was evaluated by the Vickers micro-indentation
technique, using a CMS microhardness tester (CMS Metrology, Tlalnepantla de Baz, Mex-
ico). The elastic modulus was evaluated by the nanoindentation technique with the aid of a
nanohardness tester (csm, Needham, MA, USA). At least ten indentations were made in
the middle of the hardened layers. The applied load and the distance from the surface for
the hardness tests were established as a function of the thickness of the hardened layer, as
shown in Table 3.
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Table 3. Applied load and distance from the surface to evaluate the hardness for the different
surface-hardening processes.

Treatment Applied Load
(g)

Distance from the Surface
(µm)

Number of Indentations
(n)

Carburizing 25 180 10
Nitriding 25 15 10
Boriding 25 65 10

2.3. Tribological Tests

The tribological behavior of the hardened surfaces was established by two different
techniques (i.e., abrasive wear test and pin-on-disk test).

2.3.1. Abrasive Wear Tests

The hardened samples were exposed to the abrasive wear test with the aid of a
sand/rubber apparatus by following the methodology established by the ASTM G-65
standard [14]. Figure 1a shows a schematic representation of the sand/rubber apparatus
employed during the wear tests. The sample holder was modified to allow the application
in cylindrical samples, as shown in Figure 1b.
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Figure 1. Schematic representation of (a) the sand/rubber apparatus for the wear tests and (b) the
sample’s holder [4].

The weights of the hardened samples were measured before and after the wear tests
with the aid of an analytical balance (0.0001 g accuracy). The test conditions were estab-
lished according to the ASTM G-65 standard for hard coatings and thin films (Procedure C)
and are summarized in Table 4.

Table 4. Tests parameters for the wear assays according to ASTM-G65 standard [14].

Test Type
(ASTM-G65)

Load
(N)

Speed
(rpm)

Sliding Distance
(m)

Time
(s)

Sand Flow
(g/min)

C 130 100 71.8 30 300–400

The morphology of the wear tracks was analyzed by SEM. The wear resistance of the
treated samples was evaluated using loss of volume, following the procedure established
by the ASTMG-65 [14]:

Vl = (ml/ρ)× 1000 (1)
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The wear rate of the borided samples during wear tests was evaluated by Archard’s
equation [15]:

W = Vl/Pd (2)

where Vl is the volume loss during the test (mm3), ml is the mass lost (g), ρ is the density of
the test material (g cm−3), W is the wear rate (mm3 N−1 m−1), P is the applied load (N),
and d is the sliding distance (m).

The density of the involved materials (r) was calculated according to the equation
proposed by Gloker, as follows [16]:

ρ = NAmH/Vc (3)

where ρ is the density of corresponding surface (non-treated AISI 4140 steel, carburized
samples, nitrided samples, and borided samples, respectively) (g cm−3), N is the coor-
dination number for each crystalline cell, A is the average of the atomic weight of the
corresponding elements in each surface treatment, mH is the absolute unit of mass of atomic
weight (1.66 × 10−24 g), and Vc is the volume of the elementary cell (cm−3). The density
values of the corresponding surfaces are depicted in Table 5.

Table 5. The density of the corresponding hardening surface according to Gloker’s model [16].

Material Density (g cm−3)

FeB 6.72
Fe2B 7.43
FeN 5.81
Fe2N 7.15
Fe3N 7.12
Fe3C 7.78

AISI 4140 7.85 (literature)

The depth of the wear scars was estimated with the aid of a profilometer Hom-
mel Werke C-8000 with ±0.066 µm accuracy (Técnicas de Medida y Metalografía, S.A.,
Madrid, Spain).

2.3.2. Pin-on-Disk Tests

The coefficient of friction (CoF) was evaluated by the pin-on-disk technique using a
CSM ball-on-disk tribometer (CSM Instruments, Needham, MA, USA). A tungsten carbide
(WC) ball 5 mm in diameter was secured to a stationary holder. The samples were attached
to a horizontal chuck driven by a variable-speed electric motor. All tests were carried out
at a controlled temperature of 20 ◦C and 50% relative humidity using a constant sliding
speed of 0.15 m s−1, a sliding distance of 200 m, and a 5 N perpendicular load applied to
the WC ball.

2.4. Importance of the Statistical Analysis

In 2019, Velázquez et al. [17] proposed studying the boride layer growth as a random
and stochastic process, achieving model layer growth using Markov chains. Modeling the
boride layer growth is helpful as it could optimize the industrial manufacturing processes
where different devices and pieces, such as those described in Table 1, are used together as
well as the quantity of raw material and energy to create the layer according to the size of
the piece. Within this context, the statistical analysis of the thickness and hardness of the
carbide, nitride, and boride layers were obtained.

3. Results and Discussion
3.1. Surface Characterization

Figure 2 shows SEM images of the cross-section of the surface-hardened samples.
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Figure 2. SEM images of the cross-sections of the samples exposed to (a) carburizing, (b) nitriding
and (c) boriding.

As Compared to the samples exposed to nitriding and boriding (Figure 2b,c, respec-
tively), samples exposed to carburizing (Figure 2a) exhibited a hardened layer much higher
than the others (365.6 ± 7.93 µm). The values of the layer’s thicknesses are in agreement
with those reported in the literature for each hardening treatment, which means that the
processes were applied correctly. The mean values of the thicknesses of the hardened layers
are depicted in Table 6.

Table 6. Thickness of the hardened layers as a function of the different hardening treatments.

Treatment Condition Layer Thickness (µm) Number of Measurements (n)

Carburizing 365.6 ± 7.9 100
Nitriding 30.9 ± 4.1 100
Boriding 126.6 ± 26.2 100

The differences in thicknesses of the different treatments were attributed to the affinity
of iron to the diffused elements. For example, the solubility of carbon in iron was about
6.5% w., while the boron and nitrogen solubility in iron was about 1.0% w. and 0.2% w.,
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respectively [18]. The low solubility of boron and nitrogen in iron, as compared to that of
carbon, resulted in lower layer thicknesses (see Table 6).

3.2. X-ray Diffraction Analysis

Figure 3 shows the diffraction patterns of the samples exposed to the different harden-
ing processes.
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(c) nitriding, and (d) boriding.

By the optical and SEM analysis, it was possible to observe that, after the different
surface-hardened treatments, the samples were totally covered by hard layers (see Figure 2).
The XRD analysis shows Fe3C with the orthorhombic crystalline structure for carburizing;
FeN, Fe2N, and Fe3N (cubic and hexagonal) in the case of nitriding; and a biphasic layer of
FeB/Fe2B with orthorhombic and tetragonal crystalline structures in the case of samples
exposed to boriding [16].

The XRD patterns were compared with data cards 98-002-9341 for Fe3C (carburized
samples), 98-004-1258, 98-002-0390, and 98-002-4650 for FeN, Fe2N, and Fe3N, respectively
(nitrided samples), and 00-036-1332 and 00-032-0463, which represent the XRD patterns of
Fe2B, FeB, respectively (borided samples). In the XRD pattern of the carburized samples
(Figure 3b), strong picks indicated the presence of Fe3C (i.e., cementite), which was the
hardest phase of the carbon–iron alloy. The presence of that phase at the surface of the AISI
4140 steel indicated the apparent effect of the carburizing process on the chemical com-
position of the treated steel. Likewise, the XRD pattern of the nitrided sample (Figure 3c)
showed strong picks along the 2θ scale, indicating the presence of FeN, Fe2N, and Fe3N.
The presence of these compounds at the surface of the AISI 4140 indicated the apparent
influence of the nitriding process on the chemical composition of the steel. Finally, in the
XRD pattern of the sample exposed to boriding (Figure 3d), we observed strong picks that
indicated not only the presence of the Fe2B phase, but also the presence of FeB at the surface
of the AISI 4140 steel. As was expected, the untreated sample only shows the presence of
iron, which is the element with the main content in the AISI 4140 steel (Figure 3a).
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The results achieved from the XRD analysis corroborated the results obtained from the
mechanical characterization since the surface hardness of the treated samples had increased
significantly (see Table 7), as compared to the substrate hardness.

Table 7. The hardness and the elastic modulus values for the different hardening treatments.

Treatment Condition Hardness (GPa) Elastic Modulus (GPa)

Untreated 0.305 ± 0.03 198.3 ± 2.3
Carburizing 5.533 ± 0.35 248.5 ± 9.2

Nitriding 9.462 ± 0.76 129.9 ± 13.0
Boriding 18.988 ± 056 330.3 ± 12.4

3.3. Mechanical Characterization

The hardness values achieved by the different hardening processes are depicted in
Table 7.

The hardness values of the layers resulting from the different surface-hardening
processes were concordant with those reported in the literature [12,19–23]. As observed
(Table 7), boriding resulted in the highest hardness value compared to the other surface-
hardening processes. However, these results should not be interpreted to mean that
boriding is universally the best option. The best choice will depend on the requirements
for a specific application. For example, the best option could be the boride layers in those
applications where a hard coating is required to avoid wear between two surfaces in
contact and relative movement. Nevertheless, in those applications where a hard surface is
required but will be exposed to impact, boride layers would not be recommended due to
their brittleness and their high gradient of hardness from the surface to the substrate; in that
case, a surface with a progressive ramp of hardness, such as nitrided or carburized, would
be recommended [24]. On the other hand, the elastic modulus showed the same behavior
as hardness, except in the case of the nitrided sample, where the elastic modulus value
was lower than that achieved for the untreated sample (129.86 ± 13.95 and 198.25 ± 2.31,
respectively). An explanation for this apparent contradictory behavior is given by C.
Thomas et al. [25], where the elastic modulus depends on the distance from the surface.
They founded that, for intrude layers, the lowest values of the elastic modulus are achieved
near the surface (≈5 µm). Then, the values increase and finally, the highest values are
achieved when the untreated material is evaluated. Probably the behavior of the elastic
modulus obeys to the anisotropic nature of the nitride layer [25].

3.4. Tribological Tests
3.4.1. Wear Tests

The results of mass and volume losses are summarized in Table 8. As was expected,
the untreated samples were those with the highest volume loss. The sample exposed to
carburizing had the highest volume loss, while the sample exposed to boriding exhibited
the lowest volume loss of the treated samples. This behavior agreed with that observed for
the hardness values (Table 7), where samples exposed to carburizing were those with the
lowest hardness values. According to the results, wear resistance was assumed to be directly
related to the hardness of the material, which is the primary condition to reduce wear.

Table 8. Volume loss as a function of the different hardening processes.

Treatment
Condition Initial Mass (g) Final Mass (g) Mass Loss (g) Loss of Volume

(mm−3)
Wear Rate

(mm3 N−1 m−1)

Untreated 197.4762 ± 0.1197 197.4564 ± 0.1187 0.0198 ± 0.0020 2.5352 ± 0.2561 2.7161 × 10−4

Carburizing 189.1966 ± 0.929 189.1867 ± 0.0966 0.0099 ± 0.0038 1.2734 ± 0.4872 1.3633 × 10−4

Nitriding 186.475 ± 0.2360 186.46777 ± 0.2373 0.077 ± 0.0017 0.9766 ± 0.2156 1.1538 × 10−4

Boriding 178.5808 ± 0.1889 178.5735 ± 0.1895 0.073 ± 0.0006 0.9299 ± 0.0764 1.01526 × 10−4
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The tribological behavior of the material was a result of the hardness of the different
conditions of treatment. Boriding provided the highest hardness values in the range of
1600–2000 HV to the treated materials and carburizing afforded hardness values in the
range of 500–620 HV; the wear resistance was directly related to hardness [16,26].

Figure 4 shows the scars of the wear tests of the different surface-hardening processes.
The carburized sample (Figure 4a) exhibited the most significant damage, while the borided
sample (Figure 4c) exhibited the lowest damage during the wear tests.
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The main reason for the low damage observed in the borided sample was attributed
to it possessing the highest hardness values, as compared to the other hardening processes.
Additionally, according to Erdemir et al. [27] and Hernández et al. [28], the boride layer
could have reacted with the moisture of the environment to form a thin film of boric acid
(H3BO3), which could act as a solid lubricant inhibiting the wear of the surface. Likewise,
the scars of wear were aligned to the movement of the rubber wheel, which indicated a
controlled process.

Different signs of wear can be seen in Figure 4. In the case of carburizing (Figure 4b),
the sample exhibited the most significant damage as a function of the wear scar. The
signs present during testing were micro-cracking, micro-plowing, micro-fatigue, and micro-
cutting. However, micro-plowing and micro-cracking appeared to be the signs exhibited
with the most frequency; therefore, micro-plowing and micro-cracking may be the precur-
sors for wear in the carburized samples.

In the nitrided samples (Figure 4c), micro-cracking, micro-plowing, micro-fatigue,
and micro-cutting were all observed. These wear signs are typically present when hard
layers are exposed to wear due to the interaction between the surface of the sample and the
wear agent.

Finally, the borided samples exhibited a scar covered by a surface film that acted as a
solid lubricant (Figure 4d), and only small micro-cracking could be detected. This behavior
was attributed to the reaction of the boriding layer to the moisture in the environment to
form boric acid (H3BO3), which acts as a solid lubricant and can inhibit wear [27,28].

The EDS analysis of the wear tracks of the three hardened surfaces is shown in Figure 5.
The carburized, nitrided, and borided samples show the presence of Fe, Cr, Mn, Si, and O.
The first four elements are present in the steel alloy, but the presence of oxygen suggests
the formation of oxides that could have contributed to the wear of the surface. However,
the Si present in the EDS analysis reflected a higher content than that reported in the steel
alloy. That result was likely due to the chemical composition of the abrasive agent used
during the wear tests.

The depth of the wear tracks shown in Figure 6 were estimated by a mechanic
profilometer.

The depths of the wear scars presented in Figure 6 were concordant to the volume loss
results, as the samples with the highest volume lost (i.e., the carburized samples) were also
the samples with the most increased depth of the wear scar. The depth of the wear scars was
lower than the layer thickness in all the samples (see Table 6). This condition indicated that
the hard layer remained functional even after the wear tests under all treatment conditions.
The density of the material to determine the volume lost should be those obtained by
Equation (3), which are depicted in Table 5.
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3.4.2. Pin-on-Disk Tests

The results of the pin-on-disk tests applied to the different hardened-surface processes
are presented in Figure 7.

As observed in Figure 7, the mean values of CoF of the hardened surfaces were 0.39,
0.55, and 0.65 for carburized, nitrided, and borided samples, respectively, while the CoF of
the untreated sample was 0.4.

Interestingly, the samples with the lowest CoF were those exposed to carburizing
even though they had the highest surface damage during wear tests. This apparently
contradictory behavior was attributed to the low hardness of the carburized surface, as
compared to the others. When the carburized surface was in contact with the hard WC ball
counterpart, it experienced plastic deformation, which resulted from the low resistance
to shear of the carburized surface. It led to a low friction coefficient, as shown in in
Figure 7 [20]. Furthermore, the differences in hardness between the three surface-hardening
processes also reflected differences in the layers’ CoF. The same behavior can be observed
in the untreated sample, where the achieved CoF was close to that of the sample exposed
to the carburized sample. Some differences can be observed, especially in the CoF values,
compared to those reported in the literature. For example, Mustafa Ulutan et al. [12]
reported different values of CoF for the boriding and carburized AISI 4140 steel. However,
they applied a different technique and a different material as counterpart (silicon carbide
abrasive paper).
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On the other hand, Saduman Sen et al. [29] evaluated the tribological properties of
oxidized boride coatings on the same steel. Again, they reported different values of CoF.
The reason for the differences in the values of CoF can be explained because they evaluated
the CoF using the treated material as a flat pin and the counterpart was a disk of 440C
stainless steel. The main difference in values of CoF can be explained because the CoF is a
result of the interaction between two surfaces with relative movement.

The present study evaluated the CoF by the pin-on-disk tests using a tungsten carbide
ball as a counterpart. Thus, the differences in technique and counterpart materials result in
different values of CoF, even when the evaluated material was the same.

3.5. Statistical Analysis

As mentioned by Velázquez et al. [17], boride layer thickness formed on low carbon
steel has a random behavior, indicating that the probability density function that best fits
what was observed is the generalized extreme value distribution [30]. To better understand
the random behavior of layers formed on AISI 4140 steel, this research investigated a
statistical study using the histograms obtained with the data collected during the experi-
ment. In addition, we modeled the evolution of the boride layer thickness using Markov
chain techniques.

A microhardness profile was performed for each hard layer (i.e., boride, nitride,
and carbide) formed on AISI 4140. A histogram was plotted using this information,
and its corresponding probability density function that best fit was drawn as well (See
Figures 8–10). To select the probability density function that best fit, the generalized extreme
value distribution (GEVD), the Weibull 3P distribution, the Fréchet 3P distribution, and
the log-normal 3P distribution were compared using the Kolmogorov–Smirnov test [31].
The results obtained with this analysis are shown in Table 9. The best-fit distribution for
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micro-hardness tested for boride layers was the GEVD, and for the nitride layer and carbide
layer, Weibull 3P results were the best choice.
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Table 9. Probability density function studied for microhardness observations in different hard layers.

Distribution Probability Density Function The p-Value for Each
Hard Layer Reference

Generalized Extreme Value
f (x) =

{ {
1
σ exp

(
−(1 + k z)−

1
k
)

1
σ exp(−z− exp(−z)), k = 0

(1 + kz)−1− 1
k , k 6= 0

z = x−µ
σ

Boride layer
p-value = 0.74

[30,32]Nitride layer
p-value = 0.80

Carbide layer
p-value = 0.86

Weibull 3P f (x) = α
β

(
x−γ

β

)α−1
exp

(
−
(

x−γ
β

)α)
Boride layer
p-value = 0.13

[33]Nitride layer
p-value = 0.92

Carbide layer
p-value = 0.87

Fréchet 3P f (x) = α
β

(
β

x−γ

)α+1
exp

(
−
(

β
x−γ

)α)
Boride layer
p-value = 0.63

[30]Nitride layer
p-value = 0.77

Carbide layer
p-value = 0.68

Log-normal 3P f (x) =
exp

(
− 1

2

(
ln(x−γ)−µ

σ

)2
)

(x−γ)σ
√

2π

Boride layer
p-value = 0.45

[34,35]Nitride layer
p-value = 0.55

Carbide layer
p-value = 0.83

Another key parameter to study was the layer thickness, as this parameter would
indicate the metal’s lifetime and its application. Histograms for each layer thickness were
also plotted and fitted to find the probability density function representing the observations
data. Table 10 shows the results obtained after fitting the observation data to the functions
provided in Table 9 using the Kolmogorov–Smirnov test. In addition, Figures 11–13 show
the observed histogram and its corresponding best-fit probability density function. Weibull
3P was the best choice to represent the layer thickness in the three cases. Furthermore,
as Weibull 3P is a variation of the GEVD but shifted γ along the x-axis, it could better
represent the information obtained in the experiment.

Table 10. Thickness layer observations fitted to probability density functions.

Hard Layer Probability Density Function K–S p-Value

Boride layer

GEV 0.70
Weibull 3P 0.53
Fréchet 3P 0.50

Log-normal 3P 0.45

Nitride Layer

GEV 0.81
Weibull 3P 0.94
Fréchet 3P 0.77

Log-normal 3P 0.55

Carbide layer

GEV 0.85
Weibull 3P 0.87
Fréchet 3P 0.69

Log-normal 3P 0.85
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From the three hardening processes studied, all of them showed a random nature
because of the diffusion process does not happen simultaneously and because of the
anisotropy of the material. To study and model the growth of three different hardening
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processes, it is necessary to consider their random nature. The greater the variance of layer
thickness means that the hardness which it is required to reach is not homogeneous. The
layer thickness histogram is slightly skewed to higher values, which means that there is a
greater probability of having a large thickness than a reduced layer thickness. To optimize
these hardening processes should be indispensable in order to model stochastically to
reduce the chances of having a failure in the layer.

4. Conclusions

The following conclusions can be made after the analysis of the results:

(a) During the surface-hardening processes applied to the samples, layers with different
thicknesses and harnesses were obtained.

(b) The differences in loss of mass and volume during the wear tests can be attributed to
the differences in hardness resulting from the different surface-hardening processes
that were applied (i.e., nitriding, carburizing, and boriding).

(c) The samples with the lowest CoF were not those with the highest hardness, which
suggests that the coefficient of friction could be not directly related to the hardness of
the materials.

(d) The samples with the lowest hardness (i.e., carburized) exhibited wear signs, such
as micro-plowing, micro-cracking, micro-fatigue, and micro-cutting. In contrast, the
samples with the highest hardness values showed less damage and only exhibited
some minor marks of micro-fatigue and micro-cracking.

(e) The main reason for the tribological behavior of the borided samples appears to be the
naturally occurring boric acid films when the boride layers were exposed to open air.

(f) In the three layers studied in this research work, it was possible to confirm that
the layer thickness and the layer hardness had a random behavior. The confirma-
tion of this behavior could assist in modeling the layer growth and optimize the
formation process.

(g) Layer thickness and surface hardness can be studied as random variables, and they
can be analyzed using generalized extreme valued distribution and Weibull 3P distri-
bution with enough confidence degree.
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