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Abstract 
In this study, the powder-pack boriding process on low-carbon stainless steel was carried out at 1273 K for 4 h of exposure to obtain a layer 
around ~57 μm conformed by FeB, Fe2B, and others alloying elements. Firstly, the presence of iron borides formed on the surface of 
borided AISI 316L alloy was confirmed by optical microscopy combined with the X-ray diffraction analysis. After, the sensed Vickers 
indentation test was performed on the iron boride layer to estimate the behavior of hardness and Young’s modulus. Sliding wear tests on 
the borided AISI 316L alloy were performed according to the ASTM G133-05 standard procedure, with the following conditions: distances 
of 50 and 150 m, normal loads of 5 and 20 N, and a sliding speed of 30 mm/s. Finally, the results showed that the presence of FeB-Fe2B 
improves the resistance to wear around 41 times compared to the untreated material. 
 
Keywords: Boron; stainless steel; hardness; diffusion; residual stresses. 

 
 

Caracterización mecánica de la aleación AISI 316L expuesta al 
proceso de borurización 

 
Resumen 
En este estudio el proceso de borurización en polvo sobre un acero inoxidable con bajo contenido de carbono se llevó a cabo a 1273 K 
durante 4 h de exposición para obtener una capa de ~57 μm conformada por FeB, Fe2B y otros elementos de aleación. En primer lugar, la 
presencia de boruros de hierro formados en la superficie de la aleación borurada AISI 316L se confirmó por microscopía óptica combinada 
con el análisis de difracción de rayos X. Después, se realizó la prueba de microindentación sensada de Vickers en la capa de boruro de 
hierro para estimar el comportamiento de la dureza y el módulo de Young. Las pruebas de desgaste por deslizamiento en la aleación 
borurada AISI 316L se realizaron de acuerdo con el procedimiento estándar ASTM G133-05, con las siguientes condiciones: distancias de 
50 y 150 m, cargas normales de 5 y 20 N, y una velocidad de deslizamiento de 30 mm/s. Finalmente, los resultados mostraron que la 
presencia de capas de FeB-Fe2B mejoran la resistencia al desgaste alrededor de 41 veces en comparación con el material no tratado. 
 
Palabras clave: Boro; acero inoxidable; dureza; difusión; esfuerzos residuales. 

 
 
 

1.  Introduction 
 
AISI 316L alloy is an ultra-low carbon stainless steel with 

a nominal chemical composition of Nickel, Chromium, 
Molybdenum, and Manganese. These elements increase the 
resistance to corrosion, improves the response to pitting in 
chlorinated environments, and provide greater hardness at 
high temperatures. Several investigations have focused their 
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studies on increasing the useful life of the materials, with the 
purpose of decrease the loss material exposed to wear and 
corrosion. This phenomenon can be achieved by modifying 
the surface of the material through the application of different 
types of thermal or thermochemical treatments. These 
treatments produce thin layers that modify the mechanical 
and chemical properties. 

The powder-pack boriding process (PPBP), is a 
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hardening process where boron powder particles diffused on 
the surface of the materials. The diffusion of small size boron 
particles can generate layers composed of one or two-phases 
(FeB, Fe2B), a diffusion zone, and the base material 
(substrate) [1,2]. These layers increase the mechanical and 
chemical properties of steels (i.g. wear and corrosion 
resistance), enhance the life on mechanical components 
exposed to corrosive, thermal, and abrasive environments 
[3,4]. The PPBP can be applied in ferrous, non-ferrous 
materials, and superalloys. In the case of ferrous materials, 
the boron particles diffuse on the surface of the material 
filling the interstitial empty spaces of the crystalline lattice of 
the substrate, generating a single-phase (FeB) or a two-phase 
(FeB-Fe2B) layer. Boron based coatings have been used in 
industrial and biomedical sectors due to the high resistance 
to friction, wear, and corrosion [5-7]. The growth kinetics of 
the layers is directly associated with the temperature and time 
of exposure. These conditions can be changed between 1123-
1273 K and 1-10 h, respectively; Obtaining layer thicknesses 
between 30-200 μm, which depends on the properties and 
characteristics of the base material. Thus, PPBP is the most 
convenient medium to perform this type of treatment [8]. 

Reyes Helguera, in 2018, evaluated the tribocorrosive 
behavior of the borided AISI 316L alloy, during the PPBP at 
1273 K for 4 h was used to obtain a total layer thickness of 
around 50 μm, composed by a two-phase layer (FeB-Fe2B) 
[9-11]. Also, during tribocorrosion tests, the samples were 
exposed to a saline solution (Hank's solution) that simulates 
a body fluid, using the Bruker UMT-2 commercial 
equipment, following the guidelines of the standard G119-9. 
The results showed an increase in the tribocorrosive 
properties of the borided AISI 316L alloy, improving the 
mechanical strength of the material due to the formation of 
the bi-phase layer. That could be seen in a reduced material 
loss caused by the action of wear-corrosion compared to 
untreated AISI 316L alloy. On the other hand, Campos-Silva, 
et al. [12] presented new results on resistance to 
tribocorrosion and cytotoxicity in a bilayer FeB-Fe2B 
obtained in the PPBP on the surface of AISI 316L alloy under 
the same treatment conditions. Additionally, they evaluated 
the in vitro cytocompatibility of the FeB-Fe2B bi-phase layer 
of the treated and untreated AISI 316L alloy. The results 
showed that the presence of FeB-Fe2B in the AISI 316L alloy 
improves the tribocorrosión resistance 1.5 times greater than 
the untreated material.  

Moreover, to reduce the stress on CoB-Co2B bilayer, 
Delgado-Brito, et al. [13] performed a diffusion annealing 
process (DAP) to estimate the indentation properties of a 
Co2B layer using the sensed microindentation fracture 
toughness Vickers test, obtaining new Kc results for the 
single-phase layer. On the other hand, Campos-Silva, et al. 
[14] performed interfacial microindentation tests using a 
Vickers-type indenter to estimate the adhesion of the coating 
of the FeB-Fe2B bilayer generated on the surface of the 
borided AISI 316L alloy. The load applied, Young’s 
modulus, hardness, and lateral longitude of the cracks 
generated, alongside the thickness of the FeB layer, were 
used to estimate the tenacity to apparent fracture and 

interphase adhesion of the FeB-Fe2B bi-phase layer. 
The main objective of this study is to determine some 

mechanical properties borided layer formed on the surface of 
AISI 316L alloy to characterize the resistance to wear in 
terms of the H/E ratio. The samples were studied by sensed 
indentation Vickers test, optical microscopy, and X-ray 
diffraction (XRD) analysis. 

 
2.  Experimental procedures 

 
2.1.  The powder-pack boriding process 

 
Samples with a diameter of 20 mm and 4 mm thick were 

used in this work. The nominal chemical composition for 
AISI 316L alloy in (wt%) is 0.03 C (max.), 2  Mn (max.), 2-
3 Mo (max.), 10-15 Ni (max.), 16-18 Cr (max.), 1 Si (max.), 
0.03 S (max), 0.04 P (max), and Fe as balance. [15]. The 
samples were embedded in a closed cylindrical case, which 
contained a GIS® mixture composed of 70% SiC, 20% B4C 
and 10% KBF4, and particle powder size of the mixture 
around 50 μm. The boriding process was performed at 1273 
K for 4 h of exposure in an oven without the use of an inert 
atmosphere. Once the treatment was completed, the container 
was removed from the oven and cooled to room temperature. 
Then, a borided sample was cut in cross-sectioned for the 
metallographic preparation, and subsequently, a 
measurement of the layer thickness of the surface to the 
substrate was observed in a light field by optical microscopy 
using the Olympus GX51 equipment. In this process, 
approximately one hundred measurements were taken in 
different sections of the sample to estimate the thicknesses of 
FeB and Fe2B the layers. The thicknesses of the total layer 
(FeB+Fe2B) was around of 56.82±0.2 μm. 

Fig. 1 show the cross-section view on borided AISI 316L 
alloy, where the flat layer morphology can be observed due 
to the influence of alloying elements [11]. 

The morphology, growth, and composition of the phases 
generate by PPBP, are influenced by the alloying elements of 
the reference material. In pure irons, low and medium carbon 
steels, the morphology of the layers is intrinsically sawn; 
however, when the carbon content or other alloying elements 
increase, the sawn and thickness of the borides layer 
decrease. Additionally, high concentrations of nickel and 
chromium, greater than 9 and 6 wt%, respectively, promote 
the formation of borided with flat layers [16]. The 
preferential growth of both intermetallic compounds (Boron-
Substrate) is given in the crystallographic direction [001] 
because the density of the boron atoms is preferential in this 
direction [11]. The layer consist of the FeB phase with 
approximately 16.2 wt% boron, with an orthorhombic crystal 
structure (Fig. 2a) and the phase Fe2B with an approximate 
content of 8.83 wt% of boron and tetragonal structure (Fig. 
2b) [17,20]. 

Bernabé-Molina [16], mentions the main elements that 
constitute the stainless steels and their influence during the 
thermochemical treatment of boriding. The Cr, Mo, Mn 
elements modify the structure and properties of iron and 
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Figure 1. The cross-sectional view of borided AISI 316L alloy exposed to 
the PPBP at 1273 K for 4 h.  
Source: The Authors. 
 
 

 
Figure 2. a) Orthorhombic unit structure of the FeB phase. b) Unit structure 
of tetragonal shape centered on the body of the Fe2B phase. 
Source: [9]. 

 
 

Table 1.  
Some mechanical and chemical properties of FeB and Fe2B. 

Properties Phase FeB Phase Fe2B 
Micro-hardness (GPa) [18] 19 - 21 17 - 20 

Thermal residual stress (GPa) [18] 0.6 - 1.3  
Tensiles 

1.0 - 1.6  
Compressives 

Fracture toughness (MPa√m) [12] 1.48 - 3.02 2.01 - 4.65 
Young´s module (GPa) [19] 300 - 590 285 - 295 

Parameters of lattice (Å) [20] 
a = 0.4053 nm 
b = 0.5495 nm 
c = 0.2946 nm 

a = 0.5079 nm 
b = 0.4249 nm 

Density (g/cm3) [21] 6.75 7.43 
Source: The Authors. 

 
 

boron compounds; higher chromium content results in a 
decrease in the thickness of the layer, as well as the sawn 
structure. Also, nickel dissolves in Fe2B, and in some 
cases, it causes the precipitation of Ni3B, aiding the layer 
thickness homogenization. Higher nickel concentration, 
decrease the layer thickness, and flat the layer-substrate 
growth interface. 

According to the bibliography, the phases FeB and 
Fe2B have very similar tribological properties. Table 1 
show some mechanical and chemical properties. 

 

 
 
Figure 3. Vickers test results a) Curves of load Vs. Displacement, b) Points 
of hardness and Young´s modulus. 
Source: The Authors. 
 
 
2.2.  The sensed Vickers microindentation test  

 
The cross-section of the borided AISI 316L alloy was 

indented with a commercial indenter (Bruker UMT-2 
equipment), which has a Vickers diamond tip. For the 
indentation load used, load-displacement curves were 
recorded automatically with the help of the CETR software. 
In this test, a load of 500 mN was applied for the overall 
indentations made from the surface to substrate every ~9 μm, 
and at least three times, the tests were repeated. Fig. 3a and 
Fig. 3b showing the curves and points of H and E obtained 
for the borided sample.  

Finally, X-ray diffraction analysis (XRD) was performed 
on the surface of borided samples to verify the phases 
formed. The commercial Bruker D8 equipment with 
radiation CuKα to λ=0.15418 nm, a voltage of 40 Kv, 
amperage of 25 mA, a scan between 20 and 80° every 5°, a 
speed of 0.6 θ/s, and the regulate procedure of scanning 2θ - 
θ. 
 
2.3.  Residual stress calculation 

 
The residual stresses (σr) in the iron boride layers were 

estimated using the Eq. 1 proposed by Totten et al. [23], 
taking into account the thermal expansion coefficients of 
each phase. 

a) 

b) 

Lo
ad

 (m
N

) 

Contact depth (µm) 

H
 (G

Pa
) E (G

Pa) 

Contact depth (µm) 

Ο = H 
Δ = E 
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σr =
(αc − αs)(T2 − T1) E

(1 − υc) ,    (GPa) (1) 

 
Where αc is the thermal expansion coefficient of each 

phase equal to FeB=11.5×10-6 K-1 and Fe2B=8.75×10-6 K-1, 
αs is the thermal expansion coefficient of the AISI 
316L=13×10-6 K-1, T1 is the cooling temperature (ambient 
temperature equal to 303 K), T2 is the treatment 
temperature (1273 K), υc is the Poisson ratio of the coating, 
and E is Young’s modulus experimental of the coating. 

The value of the Poisson ratio (υc) was calculated 
considering the Eq. 2 proposed by Bhushan [24]: 

 

υc = �1 −
E
Er

+
E(1 − υi2)

Ei
 (2) 

 
Where υi is the indenter Poisson′s ratio equal to 0.07, Ei is 

Young’s modulus of the indenter equal to 1141 GPa, and Er 
is the reduced Young’s module experimental. 

 
2.4.  Sliding reciprocating test 

 
The dry sliding wear tests on the borided AISI 316L alloy 

were performed at room temperature on a UMT-2 universal 
tester (Bruker) using a ball-on-flat configuration (Fig. 4), 
according to parameters of ASTM G113-05 standard 
procedure with the following conditions: sliding distances of 
50 and 150 m, a constant applied loads of 5 and 20 N, and a 
sliding speed of 30 mm/s. Before the tribological tests, all 
samples were slightly grounded with abrasive paper and then 
polished with 0.05 μm Al2O3 powder. Alumina balls with a 
diameter of 6 mm (E=350 GPa, Poisson's ratio υ=0.3) and 
highly polished surface finish were used as a counterpart  

 

 
Figure 4. Schematic diagram of the linear reciprocating wear test using the 
UMT-2 tribometer. 
Source: The Authors. 

Table 2.  
Contact mechanics parameters obtained for the experimental conditions on 
the borided AISI 316L alloy. 

Load Contact 
pressure 

Maximum 
shear stress 

Depth of 
maximum shear 

stress 

Contact 
radius 

(N) (GPa) (MPa) (μm) (mm) 
5 1.50 465.0 19.14 0.040 

10 1.89 585.9 24.12 0.050 
20 2.38 738.2 30.39 0.063 

Source: The Authors. 
 
 
material. The mechanic parameters for the experimental 
conditions of the wear tests are summarized in Table 2. For 
the overall experimental set, the friction coefficient (CoF) 
was continually recorded with the aid of the CETR Bruker 
software; each test was replicated at least three times for all 
the experimental set. 

After the wear test, wear rate (k) was estimated by Eq. 3 
[25]: 

 
𝑘𝑘 =

𝑉𝑉
𝑃𝑃 × 𝑆𝑆  ,     (mm3N−1m−1) (3) 

 
Where P is the applied load, S is the total relative distance, 

and the V is the wear volume emanated over the surface of 
the worn tracks, was estimated using a non-contact surface 
profilometry (Contour GT-K 3D, Bruker instrument). 
 
3.  Experimental results 

 
3.1.  The microstructure of the Iron boride layers 

 
The formation of iron boride FeB/Fe2B is a consequence 

of the high boron potential at high boriding temperatures and 
the influence of the alloying elements; when an adequate 
concentration of boron is reached at specific points on the 
surface of the iron alloy, the Fe2B crystals begin to nucleate 
and create a surface layer composed of Fe2B and FeB, then a 
diffusion zone appears in the form of peaks with the presence  
 

 
Figure 5. XRD pattern of the iron boride layer. 
Source: The Authors. 
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of chromium and molybdenum, these elements act as 
diffusion barriers at the interface of the borided substrate 
layer, alongside a reduced amount of carbon, silicon, and 
boron [22,24], creating a thin flat layer. Also, the 
development of the diffusion zone is due to the massive 
precipitation of Fe outbreaks without coalescence and the 
presence of products rich in Cr and Si-Mo compounds that 
grow along the grain boundaries in a preferred 
crystallographic orientation [001] of the anisotropic crystals 
in the boride layers (Fig. 5). The preferential growth of 
FeB/Fe2B is in the direction of the substrate. High score plus 
software was used to found the present phases [25-28]. 

 
3.2.  Instrumented indentation Vickers test results 

 
The Young's modulus and the hardness of the boride layer 

were obtained along the cross-section of the borided AISI 
316L obtained by sensed microindentation Vickers test. Fig. 
6a shown hardness values in the range of 21 to 19 GPa (for 
FeB) and 18 to 16 GPa (for Fe2B), till obtaining a value of 
4.5 GPa in the substrate.  

The Young's modulus is related to the trace size effect 
obtained during the sensed microindentation test [29, 30]. 
Also, this value was obtained from the Vickers sensed micro-
hardness test. Table 3 show an E value for the FeB phase 
from 381 to 366 GPa, and in the phase Fe2B an E value of 
365 to 334 GPa is recorded until obtaining a value of 280 GPa 
in the substrate as shown in the Fig. 6b. 

The wear resistance of a material can be evaluated 
through the plasticity index (H/E ratio). The plasticity of a 
material is the property to deform permanently and 
irreversibly when subjected to stresses above its elastic range. 
According to Fox [31], higher values of the plasticity radio, 
the wear resistance of a material decreases considerably. Fig. 
6c shown the behavior of the plasticity index (H/E ratio), 
along the cross-section profile of the borided AISI 316L 
alloy, which was obtained from the results of the sensed 
Vickers microindentation test value of 0.056 and 0.049 for 
the layer. Also, when the value of H/E is closer to the value 
of 0.1, the material has excellent wear properties. The contact 
pressures must be less than the yield stress (σf=H/3) of the 
material; generally, for this type of layer, the contact 
pressures (Po) do not reach a value higher than 2.5 GPa 
(σf>Po). In this case, yield stresses in the cross-section were  

 

 

 

 

 
Figure 6. The behavior of the a) hardness, b) Young’s modulus, c) H/E ratio, 
and d) H3/E2 ratio along the cross-section of the iron boride layer.  
Source: The Authors. 

 
 

between 7.01 to 1.50 GPa for the FeB layer to the substrate, 
respectively. 

Fig. 6d shown the behavior of the plastic deformation 
resistance (H3/E2), in a range of values from 0.065 to 0.058 
GPa for the FeB phase. Subsequently, these values descend 
to a range of 0.052 to 0.040 GPa for the Fe2B phase, and 
finally, in the diffusion zone, the substrate value decreases 
significantly until reaching the value of 0.001 GPa. In 
general, these values indicate that PPBP samples have good 
resistance to plastic deformation in the layer associated with 
behavior to avoid adhesion failures of the ceramic layer and 
high wear resistance. 

 
3.3.  Residual stress results 

 
The residual stresses directly affect the adhesion and 

fatigue resistance properties of surface coatings, modifying  
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Figure 7. The behavior of the residual stresses in a cross-section of the 
borided AISI 316L alloy.  
Source: The Authors. 
 
 
the useful life [23]. In general, tensile stresses on the surface 
of a material are undesirable because it reduces the fatigue 
resistance, promoting nucleation, crack propagation, and 
particle shedding. The residual stresses were obtained by 
sensed Vickers microindentation test and Eq. 1. 

On the other hand, the AISI 316L alloy shows a state of 
tensile stresses with values of 1.51 to 1.57 GPa, in the area 
delimited by the FeB phase. Once reaching the Fe2B phase 
and the diffusion zone, the stress state changes to a 
compressive type showing values of 1.25 to 1.38 GPa [18]. 
Finally, upon reaching the substrate, the stress state changes 
again to a tensile type, presenting a value of 1.10 GPa (Fig. 
7). These results indicate that the borided AISI 316L alloy 
has a low fatigue resistance in the FeB zone, showing more 
significant nucleation and crack propagation. However, when 
reaching phase Fe2B, the resistance increase considerably, 
showing an optimum performance that remains constant until 
reaching the distance delimited by the substrate. 

Tensile and compressive stresses are evidenced along 
with the boride layer to the substrate. For wear tests, this type 
of stress formed in a two-phase layer is recommended, 
because a single-phase layer the wear resistance is lower, due 
to the relationship between the hardness and Young's 
modulus. On the other hand, two-phase layers with these 
characteristics function as a buffer during tribological tests, 
improving wear resistance for this type of configuration. 

 
3.4.  Sliding reciprocating test results 

 
The measurements of the wear depths, width, and the 

wear volume were determined for the overall set of 
experimental conditions using optical profilometry on the 
surface of the borided AISI 316L with the Vision 64 software 
installed in the Bruker Contour GT-K 3D Bruker equipment, 
and the results are summarized in Table 3. 

Taking in to account the literature, the untreated material 
under similar conditions of test a value around 350×10-6 
mm3/Nm of wear loss rate is adequate according to results 
found by Peruzzo et al. [32]. Also, for the borided AISI 316L, 
Table 3.  

Experimental results. 

Load 
(N) 

Distance 
(m) 

Sliding 
speed 

(mm/s) 

Wear rate 
k (mm3/Nm) 

×10-6 

Volume of wear 
loss 

V (mm3) ×10-3 
5 50 

30 

8.51 ± 0.21 2.12 ± 0.06 
5 150 5.15 ± 0.14 3.86 ± 0.13 

20 50 8.50 ± 0.29 8.50 ± 0.36 
20 150 9.16 ± 0.25 27.47 ± 0.93 

Source: The Authors. 
 
 

this behavior has not been studied. Thus, the borided layer 
increased the wear rate around 41 times in comparison with 
the untreated material. 

 
3.4.1.  Friction coefficient on dry sliding test 

 
The behavior of the friction coefficient (CoF) against 

different loads and distances for the borided AISI 316L alloy, 
the values were obtained with the CETR Bruker software 
presented in Fig. 8. 

For the iron boride layer, a short period of execution is 
observed in Fig. 8a, where the alumina counterpart is coupled 
with the sample surface during the first 0-10 m of the test due 
to the high surface hardness, then a transition period where 
material begins to be removed from the surface of the sample 
which is evidenced in a better behavior for the distance of 
150 m where the CoF is stabilized, showing small variations 
due to the stick-slip phenomenon, generated by the 
entrapment and expulsion of wear particles (3 body-
mechanism), these wear particles or debris are considered as 
solid lubricant due to the interaction of the alloy elements 
with the boron, also presenting additional transition periods  

 

 

 
Figure 8. The behavior of the friction coefficient. a) 5 N, and b) 20 N. 
Source: The Authors. 

a) 

b) 
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due to debris and small porosities on the surface, which 
interact simultaneously with the formation of grooving, 
plastic deformation, and oxidation that contains element of 
the reference and alumina material of the counterpart. On the 
other hand, in Fig. 8b, the behavior of CoF is similar to that 
of the 5 N for the distances used.  

 
3.4.2.  Wear rate and depth 

 
Fig. 9 shows the profilometry plots obtained on the cross-

section views of the wear tracks. From the measurements of 
the wear depths, the wear volume was determined for the 
overall set of experimental conditions using the Vision 64 
software installed in the Bruker Contour GT-K 3D Bruker 
equipment. Moreover, the wear rates were determined using 
Eq. 3. 

Fig. 9a and Fig. 9b shows that the behavior of depth is 
more several for a high load to 20 N with a value around ~10 
µm, obtaining the highest wear rate around ~9 mm3/Nm of 
the overall experimental set, attributed to better compliance 
with the counterpart of Al2O3. This behavior decreased in the 
function of less load and distance with a value of around ~3 
µm with a wear rate of around ~5 mm3/Nm. The highest 
depth on the wear tracks occurs due to the interaction of the 
different failure mechanisms also associated with the high 
loads used in the test. In the case of boride layers, the H3/E2 
ratio has a value of around ~0.065; this value indicates the 
resistance of the material to wear; when this value is closest 
to 0.1, the material is difficult to wear. The presence of tensile 
residual stress around ~1.57 GPa increases the maximum 
shear stress on the contact zone and promoted wear material 
loss attributed to the apparition of wear particles due to 
plastic deformations and material shedding (debris) for the  

 

 

 
Figure 9. The behavior of the depth. a) 5 N, and b) 20 N. 
Source: The Authors. 

different parameters of the test. For the entire experimental 
set, no plastic deformations appear at the edges of the tracks, 
according to the H/E ratio of around ~0.056 GPa near to 0.1. 
This behavior can be seen in Fig. 9a, and Fig. 9b. Finally, 
Ashby [33] states that at sliding speeds below 0.01 m/s for 
ceramics, there is no significant heating. Likewise, wear is 
generated by cold mechanisms, predominantly plasticity, 
cracking, and fracture. For the overall experimental set, the 
failure mechanisms associated with wear tracks are abrasion, 
grooving, intergranular cracks (pitting), surface damage 
(cracking), material agglomeration, and tribo-chemical effect 
(oxidation) due to the phenomenon of three bodies.  

 
4.  Conclusions 

 
In this study, some of the mechanical properties of 

borides on the surface of borided AISI 316L alloy were 
investigated. Conclusions are shown as follows: 
• It was possible to develop a useful non-oxide boride layer 

on the surface of AISI 316L stainless steel by PPBP. 
• The polyphase layer obtained by PPBP on AISI 316L 

alloy was constituted by FeB, Fe2B, CrB, Cr2B, Ni2B, 
Ni3B phases, respectively, confirmed by XRD. 

• The hardness of the boride layer of borided AISI 316L 
alloy generally has a higher hardness than high carbon 
steel because the alloying elements of chromium and 
nickel could have an essential role in obtaining high 
hardness values of borides formed on the alloys. 

• With the H/E and H3/E2 ratios, the mechanical behavior 
related to wear resistance can be estimated in terms of 
plastic deformation indexes on the surface of the borided 
layer. Also, the borided AISI 316L alloy improves the 
resistance to wear around 41 times compared with the 
reference material. 

• It is recommended to use a two-phase layer in wear tests, 
due to the characteristics offered by this configuration 
(damping) helps wear resistance. 

• For the coefficient of friction, it is advisable to use 
distances greater than 100 m to observe the behavior 
during the sliding wear test. 
 

Acknowledgments  
 

The authors gratefully acknowledge the Eng. Andrés 
García Rodriguez and the MSc. Juan Carlos Martinez for 
review the article. Also, this work was supported by the 
research grant 20201038 of the Instituto Politecnico Nacional 
of Mexico. 

 
References 
 
[1] Rodríguez, G., Campos, I., Chávez, E., Martínez, J., Hernández, E., 

and Torres, A., Mechanical properties of FeB and Fe2B layers 
estimated by Berkovich nanoindentation on tool borided steel. Surf. 
Coatings Technol., 215(1), pp. 291-299, 2013. DOI: 
10.1016/j.surfcoat.2012.05.145 

[2] Gök, M., Küçük, Y., Erdoğan, A., Öge, M., Kanca, E. and Günen, A., 
Dry sliding wear behavior of borided hot-work tool steel at elevated 

b) 

a) 



García-Léon et al / Revista DYNA, 87(213), pp. 34-41, April - June, 2020. 

41 

temperatures. Surf. Coatings Technol., 328(1), pp. 54-62, 2017. DOI: 
10.1016/j.surfcoat.2017.08.008 

[3] Matuschka, A., Boronising. Universidad de Michigan, Carl Hanser 
Verlag, 1980, 97 P. 

[4] Özbek, I., Konduk, B., Bindal, C. and Ucisik, A., Characterization of 
borided AISI 316L stainless steel implant. Vacuum, 65(3-4), pp. 521-
525, 2002. DOI: 10.1016/S0042-207X(01)00466-3 

[5] Luo, X. and Li, X., Design and characterization of a new duplex 
surface system based on S-phase hardening and carbon-based coating 
for ASTM F1537 Co-Cr-Mo alloy. Appl. Surf. Sci., 292(1), pp. 336-
344, 2014. DOI: 10.1016/j.apsusc.2013.11.141 

[6] Mischler, S. and Munoz, A., Tribocorrosion. Ref. Modul. Chem. Mol. 
Sci. Chem. Eng., pp. 1-12, 2017. 

[7] Davis, J., Surface hardening of steels: understanding the basics, First 
Ed., ASM Int., 46(1), USA, 2002. 

[8] Martini, C., Palombarini, G. and Carbucicchio, M., Mechanism of 
thermochemical growth of iron borides on iron. J. Mater. Sci., 39(3), 
pp. 933-937, 2004. DOI: 10.1023/B:JMSC.0000012924.74578.87 

[9] Reyes R., Comportamiento tribocorrosivo del acero AISI 316L y del 
acero borurado AISI 316L inmersos en solución de Hank. Tesis MSc. 
en Ciencias en Ingeniería Mecánica. Instituto Politécnico Nacional. 
México D.F., México, 2018. 

[10] Kulka, M., Current trends in boriding, Springer, Alemania, 2019. 
[11] Campos, I., Ortiz, M., Bravo, O., Doñu, M., Bravo, D., Tapia, C. and 

Jimenez, M., Formation and kinetics of FeB/Fe2B layers and diffusion 
zone at the surface of AISI 316 borided steels. Surf. Coatings 
Technol., 205(2), pp. 403-412, 2010. DOI: 
10.1016/j.surfcoat.2010.06.068 

[12] Campos, I., Palomar, M., Pérez, R., Kahvecioglu, O., Bravo, D., 
López, C. and Reyes, R., Tribocorrosion and cytotoxicity of FeB-
Fe2B layers on AISI 316 L steel. Surf. Coatings Technol., 349(May), 
pp. 986-997, 2018. DOI: 10.1016/j.surfcoat.2018.05.085 

[13] Delgado, A., López, D., Ruiz, A., García, R., Martínez, J., Oseguera, 
J. and Campos, I., Effect of the diffusion annealing process in the 
indentation properties of cobalt boride layer. Ceram. Int., 45(6), pp. 
7767-7777, 2019. DOI: 10.1016/j.ceramint.2019.01.081 

[14] Campos, I., Martínez, J., Doñu, M., Rodríguez, G., Hernández, E. and 
Bravo, O., Interfacial indentation test of FeB/Fe2B coatings. Surf. 
Coatings Technol. J., 206(7), pp. 1809-1815, 2011. DOI: 
/10.1016/j.surfcoat.2011.08.017 

[15] Acequisa, Aceros y Equipos S.L. Aleación AISI 316L., [Online]. 
2018.  Available at: http://acequisa.com/spanish/inox/316l.html. 

[16] Bernabé, S., Adhesión en sistemas capa/substrato formados por 
difusión de boro en una aleación Fe-Ni-Cr. Tesis MSc. en Ciencias en 
Ingeniería Mecánica. Instituto Politécnico Nacional. México D.F., 
México, 2015. 

[17] Van, T., Hari, K. and Wollants, P., Thermodynamic optimization of 
the B-Fe system. J. Alloys Compd., 334(1-2), pp. 173-181, 2002. 
DOI: 10.1016/S0925-8388(01)01777-7 

[18] Campos, I., Ortiz, M., Martínez, J., Lopez, N., Hérnandez, E., 
Ramirez, G. and Escobar, R., Properties and characterization of hard 
coatings obtained by boriding: an overview. Defect Diffus. Forum, 
297-301(1), pp. 1284-1289, 2010. DOI: 
10.4028/www.scientific.net/DDF.297-301.1284 

[19] ASTM, A240-17. Standard Specification for chromium and 
chromium-nickel stainless steel plate, sheet, and strip for pressure 
vessels and for general applications. ASTM Int., I(1), 2017, 12 P. 

[20] ASM, Volume 4. Heat Treating, Metals-Han. The United States of 
America, 1991. 

[21] Sánchez, M., Campos, I. and Bautista, O., Tratamientos térmicos de 
la A a la Z, Trillas. Mexico, 2006. 

[22] Palombarini, G. and Carbucicchio, M., On the morphology of 
thermochemically produced Fe2B/Fe interfaces. J. Mater. Sci. Lett., 
3(9), pp. 791-794, 1984. DOI: 10.1007/BF00727975 

[23] Totten, G., Howes, M. and Inoue, T., Handbook of Residual stress and 
deformation of steel, ASM Iinter. USA, 2002. 

[24] Bhushan B., Modern tribology handbook, Volume One, CRC Press. 
USA, 2001. 

[25] Holmberg, K. and Matthews, A., Coatings tribology: properties, 
mechanisms, techniques, and applications in surface engineering, 
Elsevier. The United Kingdom, 2009. 

[26] Jurči, P. and Hudáková, M., Diffusion boronizing of H11 hot work 
tool steel. J. Mater. Eng. Perform, 20(7), pp. 1180-1187, 2011. 

[27] Kunst, H. and Schaaber, O., Beobachtungen beim 
Oberflächenborieren von stahl ii - über wachstumsmechanismen und 
aufbau der bei der eindiffusion von bor in eisen bei gegenwart von 
kohlenstoff entstehenden verbindungs-und diffusionss chichten. 
Harterei-Tech. Mitt., 22(1), pp. 1-25, 1967. 

[28] Palombarini, G. and Carbucicchio, M., Influence of carbon on the 
chromium redistribution when boriding iron alloys. J. Mater. Sci. 
Lett., 12(11), pp. 797-798, 1993. DOI: 10.1007/BF00277975. 

[29] Askeland, R., Ciencia e ingeniería de los materiales. International 
Thomson Editores, Missouri, USA, 1998. 

[30] Taktak, S., Some mechanical properties of borided AISI H13 and 304 
steels. Mater. Des. 28(6), pp. 1836-1843, 2007. DOI: 
10.1016/j.matdes.2006.04.017 

[31] Fox, G., Veldhuis, D., Scvortsov, V., Shuster, L., Dosbaeva, G. and 
Migranov, M., Elastic and plastic work of indentation as a 
characteristic of wear behavior for cutting tools with nitride PVD 
coatings. Thin Solid Films, 469-470 (SPEC. ISS.), pp. 505-512, 2004. 
DOI: 10.1016/j.tsf.2004.07.038. 

[32] Peruzzo, M., Serafini., Ordoñez, M., Souza, R. and Farias, M., 
Reciprocating sliding wear of the sintered 316L stainless steel with 
boron additions. Wear, 423(January), pp. 108-118, 2019. DOI: 
10.1016/j.wear.2019.01.027. 

[33] Ashby, M. and Lim, S., Wear-mechanism maps. Scr. Metall. Mater., 
24(5), pp. 805-810, 1990. DOI: 10.1016/0956-716X(90)90116-X 

 
 
R.A. García-León, received the BSc. in Mechanical Engineering from the 
Universidad Francisco de Paula Santander Ocaña, Colombia, in 2014, MSc. 
in Industrial Engineering from the Universidad de Pamplona, Colombia. He 
is PhD. student in Scientist of Mechanical Engineering at Instituto 
Politecnico Nacional, Mexico. He is linked since 2015 as a professor in the 
Department of Mechanical Engineering of the Faculty of Engineering of the 
Universidad Francisco de Paula Santander, Ocaña, Colombia. Researcher 
and coordinator of the research line Materials and Industrial Processes in the 
INGAP Research Group. Also, member of the Surface Engineering Group. 
His areas of interest are mainly the development of mechanical systems, 
industrial processes, and engineering materials.  
ORCID: 0000-0002-2734-1425 
 
J. Martínez-Trinidad, received the BSc. in Mechanical Agricultural 
Engineering from the Universidad Autonoma de Chapingo, Mexico, in 1995. 
MSc, and PhD. in Sciences in Mechanical Engineering from Instituto 
Politecnico Nacional, Mexico. Full-time teacher of the SEPI - ESIME - 
Zacatenco. Researcher level II to the Surface Engineering Group of the 
Instituto Politécnico Nacional. His areas of interest are mainly the 
development of mechanical systems and engineering materials. 
ORCID: 0000-0002-5445-2681 
 
I. Campos-Silva, received the BSc. in Metallurgical Engineering from the 
UAM-Azcapotzalco, Mexico, in 1994. MSc in Manufacturing Systems from 
the ITESM-CEM, and PhD. in Sciences in Mechanical Engineering from 
Instituto Politecnico Nacional, Mexico. Full-time teacher of the SEPI - 
ESIME - Zacatenco. Researcher level III to the Surface Engineering Group 
of the Instituto Politécnico Nacional. His areas of interest are mainly 
engineering materials. 
ORCID: 0000-0002-7377-2146 
 
W. Wong-Angel, received the BSc. in Mechanical Engineering from the 
Universidad del Ejercito y Fuerza Aérea, Mexico, in 2004. MSc and PhD. in 
Metallurgical Engineering from Instituto Politecnico Nacional, Mexico. 
Researcher level I and member of the Surface Engineering Group of the 
Instituto Politécnico Nacional. His areas of interest are mainly engineering 
materials. 
ORCID: 0000-0001-6860-5741 
 
 

 

https://orcid.org/0000-0002-5445-2681
https://orcid.org/0000-0002-7377-2146
https://orcid.org/0000-0001-6860-5741

