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ABSTRACT

A non-equiatomic FesoMn3,Co;0Cryo alloy was prepared by laser cladding, and the effects of boron addition on
the microstructure, hardness and abrasive wear-resistance were investigated. Elemental powders were mixed
using an attritor mill for 30 h and then applied by laser cladding on a stainless steel 316L substrate. The effect of
boron addition (0.1, 0.66 and 5.40 at%) on the alloy microstructure was assessed using optical and electron
microscopy, and the phase composition was studied using X-ray diffraction. The laser claddings were exposed to
abrasive wear conditions using the dry sand/rubber wheel test. The microstructure of the laser claddings ex-
hibited columnar dendrites formed by two crystalline structures (fcc and hcp) with the same chemical com-
position. The hcp structure was the result of the partial martensitic transformation of the fcc structure. Boron
addition led to the formation of a eutectic phase along the interdendritic regions with a crystalline structure
consistent with M,B-type borides (M = Cr, Fe). Hardness and abrasive wear-resistance of the laser claddings
were strongly influenced by boron content. When boron content was increased from 0 at% to 5.40 at% the
microhardness of the material was from 291 HV to 445 HV. Similarly, the boron content improved the behaviour
against abrasive wear due to the increased volume fraction of borides in the microstructure. The high content of
the boride phase in the laser cladding with 5.40 at% B allowed reducing the abrasive wear rate by more than
30% when compared with the alloy without boron content.

1. Introduction

Multi-component and high-entropy alloys (HEAs) are nowadays a
new class of materials with an attractive microstructure-properties-
performance relationship. A wide range of properties such as high
strength, ductility, hardness, fracture toughness, thermal stability at
high temperature, corrosion and wear resistance, and oxidation re-
sistance has allowed novel engineering applications in aeronautics,
automotive and construction industries [1-11]. In the last decade,
many HEAs have been fabricated in search of materials with out-
standing strain-hardening behaviour [12-14].

Recently, Li et al. produced non-equimolar FesoMn3oCo10Cr; alloy
by vacuum induction-melted and thermo-mechanical treatments [15].

In this regard, the Fegg.xMnxCo;10Cryo (x = 45, 40, 35 and 30 at%) Fe-
base alloy presented a partial athermal martensitic transformation from
fce to hep due to a reduction of the thermal stability of the fcc phase
owing to quenching from the high temperature single-phase region that
led to the subsequent formation of the DP (fcc + hcp)-HEA. Ad-
ditionally, the addition of interstitial elements such as carbon, can
generate exceptional mechanical properties [16,17].

Specifically, the Fey9 5Mn3oC01¢Cri0Co s alloy with M,3Ce carbides
acting as nanoparticles embedded coherently within an fcc structure,
achieved improvements in the strength-ductility due to the activation of
both twinning- (TWIP) and transformation- induced plasticity (TRIP)
hardening mechanisms. This new alloy design has been then called
TWIP-TRIP (fcc + hep)-HEAs [16]. Similarly, when 30 ppm of boron is
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added to equiatomic FeyoMnyoCrogCosoNisy and non-equiatomic
Fe4oMny40Cr10Co1 alloys, an ultra-strong and ductile HEA is obtained as
a consequence of the interface strengthening and grain size reduction
caused by boron [17-19]. It is important to highlight that these works
have been carried out with a focus on structural applications. Moreover,
the FesoxMn3oCo1oCrioBx (x = 0, 0.3, 0.6 and 1.7 wt%) alloy system
manufactured by the conventional method arc melting has shown in-
creased hardness due to the formation of a dual-phase (fcc/hcp) matrix
with M,B-type borides (M = Cr, Fe) when boron content is increased
[20,21].

In general terms, such effect of boron ranging from a strengthened
solid solution and an improved grain boundary cohesion to the for-
mation of hard boride phases shows to be promising when both me-
chanical properties and wear resistance are required [9,22-29]. In this
sense, the HEAs with boron addition could bring a solution to industrial
applications where equipment deterioration is due to abrasive wear.
The problems associated with severe plastic deformation and crack
formation and propagation at the surface level could be controlled by
having a more resilient and tough matrix which embeds a hard boride
phase into it. Therefore, the idea that adding boron to a non-equiatomic
FesoMn3oCoqoCryo will have a beneficial effect on the abrasive wear
resistance of this material has motivated the research work presented
here.

Currently, laser cladding is one of the most relevant methods used in
surface engineering. The technique allows achieving high cooling rates
(103-10° Ks 1) within a narrow heated zone while the dilution is lower
when compared with conventional methods [30,31]. The latter has an
impact on the formation of fine microstructures with non-equilibrium
phases and increased solubility [31-33]. Hence, laser cladding is an
attractive method to manufacture a multi-component alloy with the
desired phase composition [34,35].

Here, we propose using laser cladding to produce a modified version
of the new non-equiatomic FesoMn3oC010Cr1o alloy with different ad-
ditions of boron (between 0 at% and 5.40 at%). The effect of boron
addition on the microstructure was assessed using optical and electron
microscopy, and the phase composition was studied using X-ray dif-
fraction. The laser claddings were exposed to abrasive wear conditions
and attention was giving to the effect of boron on the abrasive wear
resistance. The main experimental findings are discussed, and indica-
tions about the potential of the non-equiatomic alloy for surface en-
gineering applications are given.

2. Experimental details
2.1. Preparation of alloy powders

Table 1 shows the chemical composition of the powders used to
manufacture the non-equiatomic alloys: Elemental powders of Fe
(99 wt%), Mn (99.5 wt%), Co (99.9 wt%), Cr (99 wt%) and B (92.1 wt
%) were mixed following the nominal composition provided in previous
work [21]. The particle size for each powder used in the fabrication of
the coatings is presented in Table S1. The powder mixture was pro-
cessed for 30 h by mechanical alloying (MA) using an attritor mill at a
speed of 425 rpm and a 10:1 ball-to-powder mass ratio under an argon

Table 1
Chemical composition of the powders used for the laser cladding process (in at
%).

Powder Fe Mn Co Cr B

MA-BO 48.63 31.13 10.41 9.83 0.00
MA-B3 45.95 30.87 10.37 9.74 3.06
MA-B5 43.86 30.81 10.34 9.95 5.03
MA-B10 39.89 30.34 10.50 9.97 9.30
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atmosphere. This method showed to be adequate to homogenise the
chemical composition and thus avoiding composition variations during
the laser cladding process. The jar, balls and impeller were made of
stainless steel AISI SAE 304. No lubricants or additives were used to
avoid contamination [36]. A multimodal particle size distribution was
generated in all samples milled for 30 hr due to the difference in the
particle size of the precursor elements of the alloy system proposed. In
this sense, the powders characterisation by laser granulometry allowed
to establish that the 90% of the mechanically milled powders did not
exceed 18.22 ym in MA-BO, 25.36 um in MA-B3, 24.58 ym in MA-B5
and 37.92 ym in MA-B10 (see Fig. S1). ICP-OES (Inductively coupled
plasma - optical emission spectrometry) was used to measure the che-
mical composition of the powders. The powders were pressed at an
equivalent pressure of 35.05 MPa to form a powder compact with a
thickness of 1 mm before the laser cladding process.

2.2. Laser cladding process parameters

A 2.2 kW continuous-wave diode-pumped Nd-YAG laser (Rofin
DY022) mounted on a robotic arm, with a wavelength of 1064 nm was
used to manufacture the claddings. High-purity argon gas was used as a
shielding gas to prevent oxidation. Laser parameters, namely laser
power, scanning velocity and diameter beam, were optimised for each
of the prepared powders in order to obtain a fully melted and dense
material (lack of pore, voids, cracks, etcetera) upon deposition. Table 2
shows the optimised process conditions that were used to obtain uni-
form samples labelled as LCA-BO, LCA-B3, LCA-B5 and LCA-B10. A
conventional stainless steel 316L was used as substrate
(72.5 x 23.5 x 9.5 mm?), and the compacted powder was placed on
top of it after the substrate was cleaned with acetone and dried. By the
action of the laser beam, the powders were melted and rapidly solidi-
fied in multiple tracks to produce a cladding layer of about 0.3 mm
thickness. This process was repeated by overlaying multiple layers until
an almost uniform coating thickness of 2.5 mm was obtained in all
alloys proposed. The appearance of the laser claddings can be seen in
Fig. S2 (supplementary material).

2.3. Materials characterisation

The chemical composition of the claddings was analysed using
glow-discharge optical emission spectrometry (GD-OES, Spectrum GDA
750 HR), while the substrate was analysed using inductively coupled
plasma optical emission spectrometry (ICP-OES, Varian 730-ES axial).
The GD-OES analysis was performed on the top surface of the laser
cladding material.

After producing the claddings, samples were extracted and prepared
using standard metallographic procedures. Specimens prepared along
the cross-sections of the laser cladding alloys were polished and ob-
served using optical microscopy (OM) and scanning electron micro-
scopy (SEM, FEI Quanta 250) fitted with an Oxford Instruments Energy
Dispersive X-Ray Spectrometer (EDS), at an operating voltage of 20 kV.
Both microstructure and a chemical composition maps were studied at
the micron scale using SEM-EDS. The samples were chemically etched
using Nital (10%) and aqua Regia when necessary.

Table 2
Processing parameters used for the laser cladding process.

Cladding Laser Scanning Beam Specific Heat
power velocity diameter energy (J/ input (J/
J/s) (mm/s) (mm) mm?) mm)
LCA-BO 1200 10 2 60 120
LCA-B3 1000 5 2 100 200
LCA-B5 1000 5 2 100 200
LCA-B10 1000 5 2 100 200
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X-ray diffraction (XRD) was used to characterise the phase con-
stitution and crystalline structure of the coatings. A Bruker D8 Advance
A25 X-ray diffractometer operating under CuKa (. = 1.542 A) radia-
tion (40 kV, 40 mA) equipped with a Lynx Eye XE-T detector was
employed to obtain the XRD patterns. The samples were scanned over
the 20 range 5° to 130° with a step size of 0.02° and a count time of 1.6 s
per step and were spun at 15 rpm during data collection. Rietveld
analyses were performed on the data using the Bruker TOPAS™ V5
program to quantify the phases. Background signal was described using
a combination of Chebyshev polynomial linear interpolation function
and 1/x function. Cell parameters, vertical sample displacement, the
full width at half maximum, preferred orientation and peak scale fac-
tors were all refined. During phase refinement, constraints were placed
upon sample composition based on the supplied chemistry.

Additionally, the maximum enthalpy for intermetallic/multiphase
formation (AHp.x), and the solid solution forming ability (®) were
determinate using the simulation platform alloyASAP [37]. This new
approach is a method to predict the formation and stability of single
phase of HEAs proposed recently by King et al. [38].

2.4. Mechanical testing

The micro-hardness was tested by a microhardness tester (Struer
Duramin * 1/2) with a load of 1000 g and loading time of 15 s.
Measurements were done on the cross-section of each sample produced
by laser cladding and multiple indents separated by 150 pm were done
from the top surface through the thickness of the cladding. The average
values and their standard deviation were calculated from 20 measure-
ments.

2.5. Wear test

Samples for wear tests were cut with a dimension of
76 X 24 x 9.5 mm>® and were machined to obtain a flat surface.
Abrasion tests were performed in an abrasion testing machine following
the procedure E described in the ASTM standard G65. The total test
time was 5.45 min and a load of 130 N was applied while the rubber
wheel rotated at a speed of 186.6 rpm [39]. After the abrasion test, the
samples were thoroughly cleaned with acetone in an ultrasonic bath for
3 min before weighing in a balance with a resolution of 0.0001 g
(Radwag AS 82/220.R2). Mass loss was converted to volume loss using
the density of each non-equiatomic alloy which was measured by using
the Archimedes’ principle. The wear test was repeated three times, and
the reported values represent an average of the measurements.

3. Results and discussion
3.1. Chemical composition

As shown in Table 2, input laser specific energy had to be set to
higher values in the case of the boron-containing powders, as they
showed less absorptance to laser radiation. A plausible explanation for
this difference is the known boron ability to provide self-fluxing char-
acteristics to conventional Fe, Co and Ni-based alloy powders used for
coating purposes. Boron acts as a fluxing agent, which promotes wet-
ting by reducing the presence of oxides in the melt pool and controlling
the surface tension of its thin surface film. As a consequence this surface
appears more metallic and reflective, thus diminishing the absorption
rate of laser radiation [40]. The afore mentioned also could explain the
boron losses reported in Table 2.

Table 3 shows the chemical composition of the coatings produced
by laser cladding and the composition of the substrate before the pro-
cess measured by GD-OES. The content of the alloying elements in the
laser cladding material notably changed when compared to the
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composition of the starting powders. Even though it was not observed a
systematic behaviour, boron addition alters the composition of the alloy
and thus enhanced the addition of Mn in the alloy, while Fe content
tends to decrease slightly. In particular, Mn has a high vapour pressure
and tendency to oxidation, which makes chemical composition control
challenging in the laser cladding process [41,42]. However, boron ad-
dition reduces the melting temperature of the alloy, which in turns
avoids the vaporisation of Mn [43]. Similar behaviour was observed
when these alloys were produced by arc-melting [21]. Although dilu-
tion is known to be low in laser cladding when compared to other
techniques such as welding [44], a low Ni content introduced from the
substrate was detected in the laser claddings.

Due to the use of elemental powders in the preparation of the
powder mixtures, the effects of oxidation and slag formation on the
metallic loss cannot be ignored and therefore the variations noticed in
the chemical composition of the laser claddings. In addition to this, it is
essential to consider the particle size effect on the laser cladding pro-
cess. In this sense, Tanigawa et al. suggested that a particle size of
30 pm is the minima to obtain an acceptable coating [45]. However, in
this case, the particle size of the powders mixture did not exceed (Do)
between 18.22 and 37.92 um, being the smaller particles more prone to
absorb the laser energy more rapidly increasing the temperature up to a
point where oxidation and volatilisation are favourable instead of
maintaining a stable melt pool. Oxidation can be particularly important
when considering that Fe, Mn, Co, Cr and B can react with the trapped
air in the pre-deposited powders [29,46].

3.2. Analysis of the microstructure

Fig. 1 shows the microstructure of the as-deposited laser claddings
over the cross-section of the samples. The images show the interface
between the cladding and the substrate as a nearly straight line, and
where the cladding is in the top section and the substrate is in the
bottom part of the image. Some pores were observed in the cross-sec-
tion of the material along with pitting due to the use of aqua Regia as a
reagent for chemical etching. The boron free alloy (LCA-BO) showed a
typical columnar dendritic microstructure free of segregation (see
Fig. 1a). The laser claddings LCA-B3 and LCA-B5 shown a columnar
dendritic microstructure that grew perpendicular from the interface as
can be seen in Fig. 1b and c, respectively. A very narrow region along
the interdendritic boundary due to the segregation of a eutectic phase
was also seen in the laser claddings LCA-B3 and LCA-B5. An evident
change in the microstructure can be seen in the alloy LCA-B10, where
the proportion of the eutectic phase between the dendrites was in-
creased (see Fig. 1d). The presence of the eutectic phase is directly
related to the increased content of B in this alloy composition.

Perpendicular cracks along the direction of the solidification front
were only observed in the laser cladding LCA-B3, and no cracks in the
base material were evidenced, as shown in Fig. S3. The presence of
these interdendritic cracks is attributed to the segregation of the eu-
tectic boron-rich phase and the rapid cooling rate experienced during
laser cladding [47]. The latter proves to be true when considering that
it has been reported that 50 ppm of B can be regarded as a critical level
of addition to this type of alloys because above this level the formation
of brittle compounds makes the grain boundary weak [17]. Interest-
ingly, no signs of crack formation were observed in the laser claddings
LCA-B5 and LCA-B10 where boron content was well above this doping
critical level. In such cases, the absence of cracks can be explained
considering that the amount of eutectic phase increases up to a level
where it forms a continuous path between the dendrites allowing a
better load transfer between the phases when thermal stress is produced
during the cooling regime.

Fig. 2 shows the most significant features of the microstructure
found after further SEM inspection of the laser claddings. The
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Table 3
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Chemical composition of the coatings produced by laser cladding (in at%) measured by GD-OES. The number in parentheses indicates the relative change compared

to the chemical composition shown in Table 1.

Cladding Fe Mn Co Cr B Ni

LCA-BO 63.33 (+30%) 17.31 (—44%) 12.02 (+15%) 6.89 (—30%) 0.00 (0.00) 0.45
LCA-B3 54.24 (+18%) 25.64 (—17%) 11.08 (+7%) 8.70 (-11%) 0.10 (—97%) 0.25
LCA-B5 43.06 (=7%) 37.94 (+23%) 8.33 (—19%) 9.78 (—2%) 0.66 (—87%) 0.22
LCA-B10 36.18 (—9%) 42.04 (+39%) 8.02 (—24%) 8.28 (—=17%) 5.40 (—42%) 0.08
Substrate 69.19 1.44 0.18 18.32 0.00 9.74

@ The chemical composition of the substrate includes 1.13 at%-Mo content.

microstructure of the LCA-BO (Fig. 2a) showed the characteristic mor-
phology of a dendritic structure with a fine blocks-like or sheaves-like
crisscrossed morphology randomly distributed across the dendrites,
that are characteristic of e-hcp-martensite [48-50] and the presence of
annealed twins is related with the deformation resultant from the
thermal contraction of the material [51,52]. Fig. 2b shows the micro-
structure of the LCA-B3 cladding. The microstructure is composed of a
dendritic structure and a very thin discontinuous segregation in the
interdendritic regions. Also, a morphology of “striations” formed within
the dendritic zones was observed, which is similar to the athermal
martensitic transformation from fcc to hep in Co-based alloys [53,54].
These striations were barely noticed in LCA-5 and LCA-B10 coatings.
Boron addition causes the segregation of a eutectic phase in the inter-
dendritic spaces, and the SEM images confirm the previous findings
described from the optical microscopy analysis. The width of the in-
terdendritic spacing varies from ~1.36 * 0.29 pm in LCA-B3 to
~2.25 #* 0.61 uym in LCA-B5 and ~4.62 + 2.94 pym in LCA-B10.
Overall, the microstructural features of the alloy system obtained by
laser cladding were similar to those reported for similar compositions
but produced using arc-melting [21].

The variations of the chemical composition on the cross-section
were studied using EDS elemental mapping, and the maps of the main
constituents are shown in Fig. 3. The laser cladding without boron
addition (LCA-BO) did not show a variation in the distribution of the
alloying elements inside or between the dendrites which confirms the
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formation of a chemically homogeneous alloy with all the elements in
solid solution. As expected, the EDS maps of the laser claddings with
boron addition (i.e. LCA-B3, LCA-B5, and LCA-B10) showed the segre-
gation of one of alloying elements within the eutectic phase. Although
EDS has some sensitivity limitations, the maps show enrichment in the
chromium content in the eutectic phase, which increases with boron
addition in the laser cladding. However, Mn and Co did not show the
same contribution in the eutectic region as they did in the matrix. The
Fe behaves alike, and the content is lower in the eutectic phase than
inside the dendrites. As previously described, some nickel content was
introduced in the laser cladding after the process, and the EDS maps
showed a homogeneous distribution (Fig. S4 of the Supplementary
material).

3.3. XRD analysis

Fig. 4 shows the XRD patterns of the multi-component alloy with
different additions of boron produced by laser cladding. Based on what
is observed on the XRD pattern of the laser cladding without boron
addition (LCA-BO), the alloy system formed two different crystalline
structures, fcc and hcp. Therefore, it is suggested that this hcp phase
identified by XRD is produced by an athermal martensitic transforma-
tion like the one reported by Li et al. [15]. The homogeneous chemical
distribution observed in Fig. 3a confirmed that both fcc and hep phases
have the same chemical composition, and the hcp phase was likely
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Fig. 1. Optical micrograph showing the microstructure in the cross-section of the laser claddings. (a) LCA-BO, (b) LCA-B3, (c) LCA-B5, and (d) LCA-B10.
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Fig. 2. SEM micrographs of (a) LCA-BO, (b) LCA-B3, (c) LCA-B5, and (d) LCA-B10.

formed by a martensitic-like partial transformation of the fcc during
rapid solidification. Also, it is important to mention that a bcc phase
was only detected in the laser cladding LCA-BO. This phase has been
found in the equiatomic FeMnCoCr alloy together with the fcc phase.
Bracq et al. [55] also demonstrated that only the hcp phase was ob-
tained when Co concentration exceeded 80 at. %. According to this, the
bce phase in this work could be considered as non-equilibrium phase
formed due to the effect of high mixing entropy, the advantageous rapid
solidification observed in laser processing [56,571, and the increase of
laser powder used in the LCA-BO reported in Table 2. Finally, it is im-
portant to highlight that the Co has a stabilising effect on the fcc phase,
while Cr stabilises the bee [19].

Except for the peak related to the bcc structure, the peaks that
correspond to the fcc and hep crystalline structure were present in the
laser claddings with boron addition. Interestingly, the intensity of the
peak located at 26 = 50.79° associated with the crystallographic planes
{2 0 0} in the fcc structure increased with boron addition (i.e. LCA-B3,
LCA-B5, and LCA-B10). However, the most critical effect observed in
the XRD patterns was the presence of the orthorhombic (Cr, Fe),B
boride due to the presence of boron in the alloy system. This result
confirms the findings of the microstructural analysis and allows estab-
lishing that the eutectic phase segregated in the interdendritic spaces is
(Cr, Fe),B boride. The results are also in agreement with the findings
reported by us using arc melting [21]. Additionally, some weak peaks
corresponding to MnO were also detected in some of the samples. Based
on the microstructural analysis, this oxidation was due to the interac-
tion between the samples and the air.

Fig. 5 shows the results of the quantification of the relative phase
composition of the laser claddings done by the Rietveld refinement
technique. The analysis showed that the content of the hcp structure
was always higher than the content of the fcc structure for the explored
compositions, which confirm the presence of an athermal martensitic

transformation. The laser cladding without boron content (i.e. LCA-BO)
exhibited the highest content of the hcp structure (85%), while at the
same time had the lowest content of the fcc structure (1.2%). This result
shows that the cooling rate also plays an essential role on the marten-
sitic transformation of this alloy system, especially when comparing to
results obtained from arc melting [21] and a thermo-mechanically
homogenised alloy [15] where the content of the hcp phase was 79%
and 28%, respectively. Also, the hcp content is related to the in-
troduction of stacking faults through the glide of partial dislocations or
by the overlapping of these [12,49]. In this sense, the stacking fault
energy (SFE) was estimated using an empirical formula proposed by
Schramm and Reed which related this energy with the chemical com-
position [58,59]. The results suggest that in LCA-BO, where the Mn
content is lower than in LCA-B3 to LCA-B5 alloys, the SFE is < 20 mJ/
m? which favor the stacking faults formation and, therefore, the in-
crease in the amount of the hcp phase [49,50]. When boron is added
and the Mn content increases, the SFE raises along with a decrease in Mg
temperature hindering the hcp formation. Due to the boron segregation
in the interdendritic regions, the stacking faults could not extend in-
definitely as consequence of the local variation in fccgy (stacking faults
in fec structure) with the boron content of these crystalline defects [54].
However, although there was a decrease in hcp phase when boron was
added, the laser rapid solidification experience during laser processing
introduced a high density of fault defects including twins and stacking
faults which contributed in the hep formation [54]. Furthermore, the
hep/fec ratio showed a slight increment from 1.6 to 2.0 among the
samples with boron addition (i.e. LCA-B3, LCA-B5, and LCA-B10). The
variation of this ratio is a consequence of the presence of the boride
phase, which increased with boron content, and the intrinsic effect of
the metallic losses of the gamma (fcc) stabiliser elements [19]. Al-
though the boride phase was detected during the microstructural ana-
lysis, the Rietveld refinement did not allow quantifying its content in



J.Y. Aguilar-Hurtado, et al.

Applied Surface Science 515 (2020) 146084

Fig. 3. EDS elemental mapping of the laser claddings (a) LCA-BO, (b) LCA-B3, (c) LCA-B5, and (d) LCA-B10.

the laser cladding LCA-B3. In contrast, the laser claddings LCA-B5 and
LCA-B10 showed an increment from 3% to 9% in the content of the
boride phase. The formation of M,B-type borides Cr-rich is due to the
strong interaction energy of the pairs Fe-B (—26 kJ/mol) and Fe-Cr
(-31 kJ/mol) which facilities the segregation of these intermetallics
[60].

Table 4 shows the lattice parameters for the identified phases in the
laser claddings (except for MnO). From this data, it can be noted that

the lattice parameter of the fcc phase and the ¢ parameter of the hcp
phase slightly increased with boron content. This behaviour can be
explained considering that fcc phase have two interstitial sites in the
formation of solid solution, one tetrahedral and another octahedral site.
Under ideal conditions and supposing that the atoms in the crystalline
structure are spheres, the radius of the tetrahedral cavity is 0.225 r,
while the octahedral is 0.414 r, where r is the radius of the atom that
could occupy these cavities [46]. Taking as reference the crystalline



J.Y. Aguilar-Hurtado, et al.

Applied Surface Science 515 (2020) 146084

i AFCC ——LCA-B10 Table 5
:E]g](; —LCA-B5 Calculated thermodynamic parameters Feso.xMnzpCo10CrioBx (x = 0, 0.02,
o. be #(Cr,Fe) B|——LCA-B3 0.13 and 1.10 wt%) multi-component alloys produced by laser cladding.
R . . i,. & , T LCABO Alloy  AHpay (KJ/mol)  AScont (R) ASmiy (J/Kmol) 8~ VEC @
2 * MnO LCA-BO  —14.87 1.72 14.33 322 742 117
g x Unknown LCA-B3  —95.63 1.35 11.20 3.85 7.35 0.19
£ LCA-B5  —103.29 1.00 8.30 578 7.23 0.17
5 . . . i . Ju R LCA-B10 —159.62 1.22 10.17 9.38 7.01 0.13
=
3
N n boron in the phases of the matrix (fcc + hcp) [25,49]. Furthermore, the
8 = V\ A . A m ‘_ N . boron content in the orthorhombic phase M,B (only 9 wt% in this
Z:S . . compound) is low compared to the total boron amount in the coatings
(see boron content in Table 1), suggesting that boron formed solid so-
A lution phases with the other elements in the matrix.
Ci . « W he b fe 8 4 R . A detailed review of the diffractograms (see Figs. S5 and S6 of the
T T T T T T T T T supplementary material) allowed to establish that the position of six
20 40 60 80 100 120 peaks shifted towards the left as a consequence of an increase in the
26 (Degree) boron content. This behavior is closely related to the lattice parameter

Fig. 4. XRD patterns of the LCA-BO, LCA-B3, LCA-B5 and LCA-B10 specimens
obtained by laser cladding.
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Fig. 5. Relative phase composition from Rietveld refinement with XRD data for
laser cladding samples LCA-BO, LCA-B3, LCA-B5, and LCA-B10. It should be
noted that the balance of the quantification matches the MnO content.

Table 4

Lattice parameters of the identified phases in the laser claddings (values in 1°\).
Cladding bee fee hcep (Cr, Fe),B

A a a=b c a b c

LCA-BO 2.884 3.594 2.540 4.097 - - -
LCA-B3 - 3.597 2.539 4.117 - - -
LCA-B5 - 3.604 2.542 4.130 14.551 7.282 4.164
LCA-B10 - 3.607 2.540 4.131 14.523 7.292 4.159

radii of Fe (0.069 nm), Mn (0.081 nm), Co (0.054 nm), Cr (0.076 nm)
and B (0.025 nm), the average crystalline radius of the FeMnCoCr
system would be approximate 0.070 nm. Those mentioned above in-
dicates that boron could only be hosted in the octahedral cavity, whic
radius is 0.029 nm. This configuration would explain the increase in the
parameter a of the fcc phase. In contrast, the c/a ratio of the hcp phase
would be related to solute entrapment during the rapid solidification
experienced in laser processing which increased the solubility of the

increasing along with lattice distortion when boron is added [29].

3.4. Thermodynamic prediction of the Feso.xMnzoCo1oCrioBx (x = 0, 0.1,
0.66 and 5.40 at%) alloy system.

The same methodology to study the thermodynamic prediction of
the formation and stability of phases formed through of arc-melting was
used in the coatings produced by laser cladding [21,38]. Table 5 shows
the calculated thermodynamic parameters of the laser claddings LCA-
BO, LCA-B3, LCA-B5, and LCA-B10, considering the content of Ni re-
ported in Table 2. Based on the configurational entropy (ASconf)
[61,62], the LCA-BO can be considered as a metastable high entropy
alloy due to AS.,¢ greater than 1.6R. In this case, the Ni content did not
have a considerable effect on thermodynamical parameters of the Fesq.
xMn30Co10CroBx systems, suggesting that Ni did not tend to segregate,
and on the opposite, it formed a solid solution until it reached the
thermodynamic equilibrium.

On the other hand, the laser claddings LCA-B3, LCA-B5 and LCA-
B10 should be addressed as medium-entropy alloys (MEAs) because the
configurational entropy varies between 1R and 1.5R [62]. According to
the literature, a single-phase HEA in solid solution occurs when ® = 1,
~1.2 = 8, < 6.6 and —15 kJ/mol < AH,.x < 5 kJ/mol, while mul-
tiphase/intermetallic HEA happen when ® < 1, ~1 < §, < ~13.5 and
~-90 kJ/mol < AHp.x = ~25 kJ/mol. In this sense, the thermo-
dynamic prediction shown in Table 5 indicates that the values of @,
AH,,.x and 8, satisfy the conditions for phases formation in a solid so-
lution for the LCA-BO cladding. While in the boron-containing clad-
dings, AHp,.x does not meet the requirements for a multiphase HEA
owing to the interaction between boron and other elements present into
the multi-component alloys [38]. According to Guo et al. [63], both fcc
and bcc phases are stable when 6.78 < VEC =< 8.0 and that is a con-
dition that is satisfied by all the produced laser cladding compositions.
In the same direction, the thermodynamical parameter VEC and &,
predicted in Table 5 did not satisfy the condition for a single hcp phase
formation. In the prediction of the hcp simple-phase solid solution
formation, VEC ~3, while the difference in atomic radii (5,) is < 3%
when HEAs including rare-earths elements [33]. It has only been re-
ported transition metals HEAs with Re and Ru, which parameter
VEC = 8 and §, ranged between 3 and 4% [64]. However, it should be
noted that the presence of the hcp phase in the laser claddings is a
consequence of a non-equilibrium process in which the martensitic
transformation of the fcc phase took place.

Due to the presence of Ni in the alloy system, AH,,,x and phi (®)
parameters were calculated considering a Ni-free (i.e. the content of Ni
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Fig. 7. Vickers hardness cross-section profiles for the laser claddings LCA-BO,
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is 0 wt%) and Ni-diluted (i.e. all the Ni forms solid solution) condition
with the purpose to study the effect of the Ni from of a point view
thermodynamic and the values were plotted in Fig. 6. The comparison
shows that the presence of Ni in the alloy system tends to reduce the
values of AH,,x and @ significantly. Comparing these results with mi-
crostructure features, specifically, in LCA-B3 and LCA-B5 specimens,
the solid solution phase formation decreases with Ni dilution. Ac-
cording to the rule for phase formation in HEAs, an increasing number
of elements means that configuration entropy rises; however, the ad-
dition of more elements increases much more the binary interaction
compared to the entropy [65]. The latter means that Ni could promote a
decreased solubility of boron in the matrix of the alloy and facilitate
and thus facilitate the interaction between the pairs Fe-B and Cr-B to
form borides [65-67]. A similar phenomenon has been observed in
thermodynamic studies on equiatomic HEAs with carbon additions as
an interstitial element [67].

3.5. Mechanical properties

Fig. 7 shows the cross-sectional Vickers hardness of the laser clad-
dings taken from the top of the surface. For the sake of comparison, it
should be noticed that the hardness of the substrate decreased after the
laser cladding process due to the softening induced by the thermal
cycle. In this sense, the data shows that the hardness of the laser
claddings material is higher than the hardness of the substrate after the
process. It can be observed that the laser cladding LCA-BO stands above
the laser claddings LCA-B3 and LCA-B5. In this respect, it should be
recalled that different process parameters were applied to produce
boron-containing claddings to overcome their difference in laser ab-
sorption. It is known that laser processing conditions determine the
thermal cycles that the deposited material undergo and so the resulting
microstructure. Higher scanning speeds translate in faster solidification
rates, usually giving rise to finer microstructures, lower segregation and
increased hardness. However, upon successive material deposition and
corresponding reheating cycles, this feature tends to be mitigated,
yielding a more softened structure. Therefore, even if the enhanced
hardness of the LCA-BO is possibly due to the higher proportion of the
hcep phase in its microstructure, the effect of the higher laser processing
speed cannot completely be discarded.

Although the presence of the boride phase in the laser cladding LCA-
B5 is about 3 wt%, the results of the microhardness analysis indicate
that the abundance of the hcp structure in the matrix could have a more
significant effect on the hardness than the borides presence up to that
level. However, the decrease in microhardness of alloys with boron
contents intermediate (LCA-B3, LCA-B5), suggests that the hardening
mechanism by solid solution was affected by the decay of Fe and Cr in
the matrix due to the borides phase formation and the presence of the
fce phase.

On the other hand, the dispersion and decrease of hardness ob-
served in Fig. 7 from the surface of the deposit toward the substrate,
was attributed to microstructural heterogeneity and variations in den-
dritic spacing. According to a detailed analysis of the microstructure in
LCA-BO cladding, it was established that dendritic spacing ranged be-
tween 3.03 and 6.21 um from the surface of the coating to the substrate,
while in the LCA-B3 cladding, the spacing of the dendrites varied from
5.72 to 12.99 pm, with a microstructure predominantly columnar. This
spacing suggests that both the microstructure and the formation of the
fce phase in LCA-B3 had a significant effect on the decrease in hardness
reported in Fig. 7. Mainly, in the LCAB-5 specimen, a significant var-
iation of the microstructure was observed as a consequence of boron
addition. In this case, the areas closest to the surface of the coating
showed a dendritic microstructure with secondary dendrites which
dendritic spacing was ~4.72 um on average. In contrast, in the inter-
mediate zones and near the interface cladding/substrate, the dendritic
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Fig. 8. Wear rate as a function of sliding distance.

spacing was 12.24 and 11.76 pm on average, respectively. Similar
features were observed in LCA-B10. However, dendritic spacing ranged
between 2.74 and 7.57 pm and increased towards the cladding/sub-
strate interface. Then, the high dispersion in the hardness values for
LCA-B10 up to a depth of 1.6 mm can be explained based on the den-
dritic spaces, which ultimately represent the extension of richer zones
in the harder eutectic phase.

Finally, the laser cladding LCA-B10 which had 9 wt% of the boride
phase showed a significantly increased hardness, and the value is about
two times the value hardness of the substrate and about 1.5 times the
hardness of the laser cladding LCA-BO. In this case, the increased
hardness of the laser cladding is directly related to the increased
amount of the boride phase in the microstructure. Similar values of
hardness have been reported in analogues alloys produced by arc-
melting and other alloying systems [21,60].

3.6. Abrasive wear resistance

The behaviour of the laser claddings against abrasive wear was
evaluated using the dry sand/rubber wheel test (ASTM G65). Fig. 8
shows the wear rate as a function of the sliding distance for the spe-
cimens produced by laser cladding. As a matter of reference, the figure
also shows similar data for the bare substrate. All the samples exhibited
a similar tendency, i.e. the wear rate decreased with the increase in the
sliding distance. This behaviour indicates that a slight surface hard-
ening took place during the test and therefore, less material was re-
moved due to a three-body abrasive condition [68]. The presence of the
boride phase due to the boron content significantly reduces the wear
rate among the laser claddings. In this sense, the abrasive wear rate
diminished correspondingly when the boron content increased in the
laser cladding material.

Based on the behaviour against wear tested in Fig. 8, the reduced
wear performance found in LCA-BO cladding was mainly attributed to
the hcp suffered a plastic deformation of the basal planes, which fa-
voured a high wear loss [69]. As boron was added to lead the formation
of a boride phase that increased the hardness of the material, the overall
significant plastic deformation should be reduced and thus the wear
rate. In this context, the boron addition contributed to the reduction in
wear rate observed in LCA-B3 and LCA-B5 claddings when compared to
the LCA-BO. Considering the increased proportion of the fcc phase in
these alloys, the amount of work hardening with the martensitic
transformation and the presence of the eutectic phase will be
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responsible for such a reduction in wear rate. Overall, the observed
effect became more noticeable in the LCA-B10 cladding in which case
the lowest wear rate was observed [69,70].

When taking the laser cladding LCA-BO as a reference, the wear rate
decreased by 13%, 22% and 35% for the samples LCA-B3, LCA-B5, and
LCA-B10, respectively. Thus, the sample with the highest boron content
(i.e. LCA-10) showed a significant wear resistance that even out-
performed the behaviour of the bare AISI 316L substrate. The results
have shown that the boride eutectic phase has a positive effect on the
abrasive wear mechanism by increasing the hardness of the material
and protecting the matrix, thus reducing the wear rate. However, the
microstructural refinement and a possible work-hardening along with
phase transformation could also produce a secondary effect on wear
resistance of the coating, especially, in LCA-B10.

Fig. 9a shows the worn surface morphology of the bare substrate
after the wear testing. The worn surface of the substrate showed evi-
dence of deep grooves and intense plastic deformation due to the
abrasive condition. The main wear mechanisms observed in the sub-
strate were micro-ploughing with wedge formation and micro-cutting.
The adjacent material formed around the furrows is then removed,
contributing to material loss because of the severe plastic deformation
produced by the relative motion of the sand particles. Backscattered-
electron images allowed detecting the presence of silica on the surface.

Fig. 9a2-a5 shows representative micrographs for the laser cladding
material after the wear test. The images show the formation of deep
grooves and significant plastic deformation along the furrows, forming
a lip-shape [71]. Micro-ploughing and micro-cutting were detected on
the worn surfaces. Due to intense plastic deformation, the indentation
produced by sand particles generates wedge and small fracture-free lips
that are then removed by the wear process. Overall, the combination of
micro-cutting and micro-ploughing was more pronounced on the laser
claddings than in the substrate material. However, the laser cladding
LCA-B10 (Fig. 9e) showed that micro-ploughing was more evident for
this material than in the others.

4. Conclusions

The effect of boron on the microstructure, mechanical properties
and abrasive wear resistance of non-equiatomic FesoMns3oCo;¢Crig
produced by laser cladding were investigated. The metallic loss of some
of the alloying elements was detected due to the adverse effects of
oxidation and slag formation during the laser cladding process.
Columnar dendrites were found to be a typical microstructure of the
laser claddings. The dendrites were formed by two types of crystalline
structures (fcc + hcp) with the same average chemical composition.
The fcc structure underwent a thermal-induced partial martensitic
transformation due to solidification rate in laser cladding that led to the
formation of the hcp structure. However, the addition of boron pro-
moted the formation of a eutectic phase in the interdendritic regions.
The crystalline structure of the eutectic phase was consistent with a (Cr.
Fe),B boride phase, and the relative content of the boride phase in-
creased with boron content up to 9% relative wt. The boride phase
allowed increasing the microhardness of the laser cladding material
about 1.5 times when comparing the sample without boron addition
(LCA-BO, 291 + 7 HV) and the sample with the highest boron addition
(LCA-B10, 445 = 42 HV). The increased content of the boride phase
and the resultant microhardness due to boron addition allowed im-
proving the abrasive wear-resistance of the alloy system prepared by
laser cladding. The worn surface showed evidence of severe plastic
deformation, micro-cutting and micro-ploughing as the main wear
micromechanisms for the laser claddings. The high content of the
boride phase in the laser cladding LCA-B10 allowed reducing the
abrasive wear rate by more than 30% when compared with the alloy
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image captured at low magnification, (b;.s) shows an image captured in the same region at higher magnification, and (c,.5) shows a back-scattered electron image

captured at high magnification.

without boron content. Non-equiatomic FesoMn3oCo10Cryo alloys with
the addition of boron are a promising material for surface engineering
applications.
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