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Abstract NbC coatings were flame sprayed on AISI 304L
substrates and further remelted using a 400-W power
ytterbium-doped fiber laser (YLR-500-MM-AC-Y11),
inserted into a chamber for argon atmosphere control. For
the selection of the remelting parameters, isolated beads
with remelting of the coatings were performed using three
focal lengths and three remelting speeds. Using the selected
laser parameters, layers were remelted with eight passes
and 40% superposition. Erosion—corrosion tests were per-
formed in a solution of NaCl in distilled water with SiO,.
Surfaces and cross sections of the coatings were charac-
terized by optical and scanning electron microscopy with
dispersive energy microanalysis and x-ray diffraction.
Microhardness measurements were taken in the cross sec-
tion of the coatings. Modified surfaces 800 pm dense
without pores or other defects and interfaces with the
substrate of excellent metallurgical bonding were obtained.
It was found that the dilution of the coating with the sub-
strate formed a gradient of chemical composition and
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mechanical properties. The erosive—corrosive wear resis-
tance of the laser-remelted coatings was higher for the
eroding impact angle of 90°. When the impact angle was
30°, the weight loss was higher and the ductile wear
mechanism was conditioned by the formation of pitting on
the modified surface.

Keywords erosion—corrosion - laser remelting - NbC
coating - thermal spray

Introduction

Compared with other methods of superficial modification,
the process of obtaining superficial laser alloys (LSA) is
distinguished by the possibility of obtaining superficial
chemical compositions outside the equilibrium condition,
also by the refinement and homogenization of microstruc-
tures, but better mechanical properties and generally
greater resistance to wear and corrosion. This process
solves still problems of the substrate—layer interface
forming a metallurgical bond between the parts, and the
thermally affected zone is small, minimizing the effects of
the resulting stresses and deformations (Ref 1, 2). Laser
surface alloys (LSAs) are usually obtained by surface
fusing the substrate suitably coated by different methods.
Carvalho et al. (Ref 3) pre-placed a 200 um pure Nb on Ti-
CP2 plate and melt with laser, obtaining a surface Ti alloy
with lower stiffness and good quality. However, when the
process is performed with powder previously placed on the
substrate, a layer of the non-homogeneous alloying element
is generally formed and difficult to control. In contrast,
uniform surface layers of desired chemical compositions
can be efficiently deposited by thermal spray.
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Thermal spray coatings generally present macrostruc-
tural heterogeneity with the formation of pores, voids,
oxides, cracks and macrosegregation. To improve the
performance of the coating layers, the laser remelting
process has been widely used because it has the thermal
characteristics and versatility necessary to control the
geometry of the molten zone and the thermally affected
zone.

Numerous investigations evaluate the application of the
laser remelting on coatings obtained by thermal spray
processes. Several laser-treated coatings can be found in
the literature like tungsten carbides (WC-Co/NiCr) on AA
6082 T6 aluminum substrate (Ref 4), NiCrBSi autoclavable
alloys on H13 steel (Ref 5, 6), ceramics (AL,05-20%ZrO)
on AISI 316L austenitic stainless steel (Ref 7), FeB on
AISI 304L austenitic stainless steel (Ref 8), amorphous
base coatings Fe (Ref 9), among others. Based on laser
parameters, it has been proven that denser defect layers
were obtained, with a thin microstructure, generally of
superior hardness and wear resistance when compared to
the original coating.

In recent decades, the use of surface modification with
W (WC), Ti (TiC) and Ta (TaC) carbides has been
remarkable in order to prevent wear and corrosion phe-
nomena. However, the use of Nb carbide (NbC) has been
poorly studied, although its physical and chemical prop-
erties indicate that it has excellent potential for applications
where WC is currently the reference material (Ref 10-14).

Nb has already demonstrated the effect on the
microstructure and properties of steels, cast iron (Ref 15)
and Ti-CP2 (Ref 3). The beneficial effect of NbC precip-
itation during the thermomechanical processing of TWIP
steels with high Mn and microalloyed to Nb was reported
by Llanos et al. (Ref 16) and Li et al. (Ref 17), respec-
tively. Zhi et al. (Ref 18) reported that Nb in the high
hypereutectic iron Cr helped to decrease C in the liquid
when formed the NbC, thereby transforming the primary
carbides of M,Cj; type.

NbC (Ref 19) and NbC-Co (8%) with good fracture
toughness and high non-lubricating wear resistance were
obtained using spark plasma sintering (SPS). The fracture
toughness increased when the Co concentration was 8-24%
(Ref 20). Also, NbC-Ni SPS compounds had higher
toughness when compared to NbC-Co compounds, but with
lower hardness, which increased when NiMo and NiMo,C
alloys were added (Ref 11). It has recently been shown that
pure NbC and with Ni and Co as binding elements (NbC-
Ni, NbC-Co) have excellent wear resistance under dry
sliding conditions when compared to other ceramics and
carbides (WC, Cr;C, and Mo) (C, N)) (Ref 11, 19) and can
even increase tool life (Ref 11) when compared to WC-Co.
Tanski et al. (Ref 21) applied Ta, Ti and Nb carbides by the
laser remelting technique on tool steel surfaces of types
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32CrMoV12-28 and X38CrMoV5-3, and dense and crack-
free layers were obtained with high microhardness.

On the other hand, niobium is known to be one of the
most biocompatible metals, but it has great potential for
applications such as biomaterial. The evaluation of bio-
compatibility using cell viability tests indicated that there
was no significant difference in NbC over a wide stoi-
chiometric range compared to the alloy established with Ti-
6AI-4V biomaterial (Ref 11). Both NbC and Nb,Os so far
do not have REACH classifications related to human tox-
icology and are not listed as substances of great concern in
opposition to Co3;04 (Ref 11, 12). Based on the potential-
ities of NbC as a wear and corrosion-resistant material,
together with the operational and thermal flexibilities of the
laser surface alloy process, the aim of this work is to
achieve a chemical gradient of Nb on the surface of
AISI304L austenitic stainless steel that provides better
mechanical properties and resistance to the wear and cor-
rosion phenomena.

Materials and Methods
Thermal Spray Coating

In this study, the AISI 304L stainless steel plate (17.7 Cr,
7.9 Ni, 1.75 Mn, 0.32 Mo, 0.015 Si. 0.025 C, 0.006 S e 0.03
P) with 10 mm of thickness was used as substrate. High-
purity NbC (CR-551 CBMM—Companhia Brasileira de
Metalurgia e Mineracdo, Araxa, BR) powder was used to
obtain the coatings. The NbC coatings were applied by
low-pressure flame spray using a TeroDyn System 2000
(Eutectic Castolin, Wisconsin, USA), spray gun was used,
and coatings with 250-pum thicknesses were attained. The
flame spray parameters are shown in Table 1. Just before
spraying, the substrates surfaces were grit blasted with
aluminum oxide to remove any impurity and impart a
roughness to the substrate.

Table 1 Flame spray parameters applied for NbC coatings

Powder feed rate 25 g/min
Standoff distance (SOD) 80 mm
Spray angle 90°
Oxygen pressure 38 Psi
Acetylene pressure 60 Psi
Air pressure 60 Psi
Spray velocity 140 mm/s
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Laser Remelting Process

A ytterbium-doped fiber laser (YLR-500-MM-AC-Y11)
operating at a wavelength of 1.07 pm with the approxi-
mation of the Gaussian bean distribution mode was used to
produce chemical gradual surface in AISI304L. To find
appropriate processing laser parameters with shapes char-
acteristic near of the conduction mode, single laser beads
with different parameters and energy densities were pro-
duced. The laser power was constant (400 W), and the
laser speed as well as the defocusing distance of the laser
beam was changed, as displayed in Table 2.

According to the experimental laser parameters, the
diameter of the laser beam varied from 0.64 to 0.72 pm and
the energy density of the laser beam varied, in correspon-
dence, from 12.8 to 28.8 J/mmz, as shown in Table 2. The
selection of laser parameters to be used in continuous
surface modifications was made using measurements of the
geometry (width, height, depth) of the single beads. The
measurements were taken using the image analysis tech-
nique. It was determined as an index (DW).

The remelting of the NbC coatings on the AISI304L
substrate was carried out in an atmosphere control chamber
(MBraun, model MB 200 Modular), with argon (99.95%)
atmosphere to inhibit oxidation. A protective flux of 30 I/
min argon was used in the remelting region during the
process. Continuous coatings were obtained by overlapping
the laser bead, using a distance between the laser bead
centers equal to 400 pum. A CNC x—y table was used to
control the laser speed and the overlapping ratio.

Characterization of the Laser Remelting Surface

The microstructure and chemical composition obtained
from the cross section of the flame-sprayed coating and
laser-remelted zone were characterized by scanning elec-
tron microscopy (SEM) with energy-dispersive x-ray
spectrometry (EDS). The backscattered electron mode was
employed to enable chemical contrast in the SEM. The
crystal structures of the NbC flame-sprayed coatings and

laser remelting surface were characterized by x-ray
diffraction (XRD), and the analysis was carried out with a
PANalytical X’Pert PRO diffractometer, using Cu-Ka
radiation source and scanned within 2g = 20°-80°. A Shi-
madzu microdurometer HMV 2T was used to perform
microhardness measurements. The measurements were
taken throughout the cross section of the samples.

Erosive—Corrosive Wear Test

For the erosive—corrosive wear test, samples having
dimensions 10 x 23 x 3 mm were prepared. The test was
performed using a “mixing container” tribometer (Fig. 1).
Quartz sand (SiO,) of particle size of 300/420 um was used
as abrasive agent. Erosion—corrosion tests were performed
in a solution of 3.5% NaCl in 1 L of distilled water with
300 g of SiO,. During the tests, the samples were posi-
tioned at a 30° and 90° impact angle at 1550 rpm, equiv-
alent to a particle impact velocity of 9.33 m/s. All the
samples were polished with sand paper to 1200 mesh in
order to reduce the characteristic surface irregularities. The
total time of the tests was 3 h for each angle; after each
running 0.5 h, the samples were removed from the device,
washed, dried and weighed using a Shimadzu digital scale,
model AY220, maximum weight of 220 g and precision of
0.001 g. The erosive—corrosive wear behavior of the
coatings studied was evaluated in relation to the mass loss.

Results and Discussion
Microstructure and Phases Distribution

A chemical gradient of Nb resulted from the laser-remelted
flame-sprayed NbC coatings on AISI 304L substrate. The
NbC coatings presented a heterogeneous structure, with
typical morphology in lamellar form, with partially molten
particles, formation of oxides, pores and interlamellar
voids, as can be observed in the details in Fig. 2.

Table 2 Experimental laser

.. Laser power, W
parameters to obtain single bead P

Defocusing, mm

Laser speed, cm/min Energy density, J/mm?

400

0

10 25.6
15 17.1
20 12.8
10 28.8
15 19.2
20 14.4
10 28.8
15 19.2
20 144
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Fig. 1 (a) Tribometer;

(b) toolholder and samples for (a)
30° and 90° impact test angle;
and (c) MEV image of the
erosive particles
toolholder
. Mixture
recipient, |
bench
™ base

Signal A =CZ BSD EHT = 20.00 kV

— Samples 30°

| Mag= 500X WD = 7.0 mm

NbC Thermal Spray Coating

100 X WD = 7.5mm

Mag =

Fig. 2 BSE-SEM cross-sectional images of the NbC thermally sprayed coating on AISI 304L substrate

Secluded beads with different laser parameters were
initially performed on the samples of AISI 304L coated
with NbC, varying the focal length (— 1, 0 and 1 mm) and
the laser beam velocity (10, 15 and 20 mm/s) as shown in
Fig. 3. Some porosity was found in the formation of the
beads when 1 mm was used as the laser defocusing dis-
tance, that is, the focus inside the material. The formation
of pores in this condition was probably caused by the
generation of gas turbulence during the melting of the
material in the root of the beads.

As expected, the laser parameters influenced the
geometry of the beads mainly because of the variations in
the heat input in the material determined by the energy
density of the laser applied in each case, as can be observed
in Fig. 3. The laser defocusing distance had a significant
influence on the penetration of the beads; the lowest pen-
etrations were obtained when the defocusing distance was
— 1, regardless of the laser speed. Combining the results,
the lowest penetration values were obtained when the laser
speed was increased to 20 mm/s.

@ Springer

The study of the geometry of the beads is important in
the processes of laser surface alloying, being well estab-
lished that the processing of the material in the conduction
mode is adequate to guarantee a stable geometry, free of
defects and less influencing the substrate. The conduction
mode is defined when the geometric relationship between
the bead width and the depth of penetration (DW index) is
less than 0.4 (Ref 3). The achievement of this mode
depends on the parameters of the laser processing and
occurs for conditions of low energy densities, also
depending on the type of material to be processed.

Figure 4(a) and (b) shows graphs of response surfaces
and iso-curves that correlate the behavior of the DW index
with the laser speed and the defocusing distance. As shown
in Fig. 4, DW indexes greater than 0.57 were obtained in
the study. The lowest DW index value (0.57) was obtained
in the condition of 20 cm/min and — 1 defocusing dis-
tance, the condition being closer to the driving mode.
However, the energetic conditions planned in the work had
the objective of achieving the dilution of the substrate to
avoid the formation of cracks in the coatings due to the
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Fig. 3 Macrographic optic
image of the beads with
different laser parameters on
AISI 304L coated with NbC

Laser Speed (mm/s)

Defocousing Distance(mm)

DW Index
201777 - - i
NbC s/ [ J / / 1.2
2 o e o Iy
S5 & 8 & \
SRS g S =
12 18 | ’° éﬁ’ s r 2 1 11
1.5 1 v / % %
3 E .|/ B\ 1
£ 1 0.8 g 16 / 11676
= 5 0.9
o 0.5 0.6 g,-
2 >
y %% w14 & o & 0.8
20 % 1 s | &8¢
2" @ 0.7
27 05 3 ol & g
% 12 N © g
15 0 o =] 0.6
Laser Speed, mm/s .05 Defocousing distance, mm / | / / -

Fig. 4 Correlation of the WD index with the laser parameters

stress—strain phenomena, besides forming a layer with
gradual physic—chemical properties between the surface
and the substrate.

In Fig. 4, it can also be seen that the highest values of
the DW index were obtained for the focus on the surface

-1 -0.5 0 0.5 1
Defocousing distance, mm

(defocusing distance 0), that is, with a smaller diameter of
the laser exactly on the surface of the coating, and lower
speeds of the laser, conditions with higher density of
energy (62.5 J/mm?). It was verified that, although the
conditions with 1 and — 1 of defocusing distance have the

@ Springer
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same energy density from the consideration of Gaussian
behavior of the laser light ray, when — 1 was used as
defocusing distance (focus 1 mm inside the material), the
DW value was lower.

Figure 5(a) and (b) shows a scanning electron micro-
scope image in the BSE mode of the NbC coating on the
AISI 314L substrate, with laser velocity of 20 mm/s and in
the condition of — 1 of defocusing distance, resulting in
406 um of penetration. The value of the DW index cor-
responds to the lowest one (0.57). In the backscattered
electron image of Fig. 4(a), it is possible to verify a defect-
free and chemical-contrast bead that allows identifying that
there is no large compositional heterogeneity in the laser-
processed coating. Since the atomic mass of Nb is higher
than that of Cr, Ni and Fe, the regions with higher Nb
content are revealed by their higher relative brightness,
enlightening the Nb distribution throughout the remelted
zone. Smaller darker regions of heterogeneity can be
identified, which occur as a result of the high liquid metal
convections formed during interaction with the laser beam.

Figure 5(b) shows the result of the chemical element
mapping analysis (C, Cr, Fe, Ni and Nb) by ESD that was
performed in the cross-sectional rectangle in the bead
obtained by remelting with laser velocity of 20 mm/s in the
condition of — 1 of defocusing distance and index DW
0.57. It was observed that, in these processing conditions, a
good dilution of the coating material (NbC) and the sub-
strate of AISI 304L were obtained, with homogenization of
the Cr, Fe and Ni elements of the substrate and the con-
centration of Nb in the zone remelted by the laser.

After evaluating the morphology of the remelted beads
using the DW index geometry analysis and testifying the
dilution of the coating on the substrate and the homoge-
nization of chemical elements in the beads, microhardness

NbC + 304L
Remelting ,
Zone

profiles were obtained from the cross section of the beads
obtained under defocusing distance of 1 and — 1 and
speeds of 15 mm/s and 20 mm/s.

Figure 6 presents a graph of the microhardness variation
in the cross section of the beads. It is observed that the
microhardness of the remelted zone was higher than the
substrate, regardless of the parameters of the laser pro-
cessing used. The maximum microhardness values (355
Hvg,) were reached at 50 um from the surface of the
samples processed with defocusing distance of — 1 and
20 mm/s.

In all the studied conditions, a microhardness gradient
was verified between the surface of the remelted beads and
the substrate, with microhardness values of about 210
Hvg ;. The increase in the microhardness in the remelted
zone was influenced by the formation of fine solidification
microstructures and out of equilibrium conditions, typical
of high energy density and high solidification speed pro-
cesses. Probably, as a consequence of the rejection of the
Nb solute, CrNb intermetallic phases of greater hardness
were formed in interdendritic regions. Continuous layers of
laser surface alloying of NbC were obtained in AISI 304L,
using the laser processing with laser speed of 20 mm/s,
— 1 defocusing distance and 400 W of power, to obtain a
DW index of 0.57, which constitutes the geometry relation
closest to the conduction mode (DW < 0.4). The obtained
layers were produced using a 40% overlap.

Figure 7 shows a SEM image in the BSE mode of one of
the layers obtained by laser remelting. The formation of a
dense NbC + AISI 304L layer is confirmed with no
defects and good metallurgical bonding with the substrate.
In Fig. 7, the morphology of the remelted layer is
observed; the consecutive deposits during the remelting are
verified, and the thermal effect of the laser of the

AlISI 304L Substrate

' 500pm ! Electron Image 1

Fig. 5 BSE-SEM images of single beads (a) laser speed 10 cm/min, — 1 defocusing distance, and (b) mapping of chemical elements by the EDS

technique in the rectangle of Fig. Sa
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subsequent deposits over the previous ones during the
overlap of 40%. The subsequent passes remelted an area of
the previous ones and also generated a thermally affected
zone, with microstructural changes and consequent chan-
ges in the microhardness of the overlapping zone.

Figure 7(a) shows a detail of the solidification
microstructure formed during the NbC remelting process
on the AISI 304L substrate. In the SEM image (BSE
mode), the fine dendritic microstructure formed in the zone
is identified as a result of the solidification process. In the
remelted zone, the formation of cellular and columnar

400

—+-20/F1—15/F1 =-20/F-1 = 15/F-1

—> 0 Interfaces Melt Zone - Substrate AlSI 304L

300 +

Microhardness(HVO0,1)

150 T T T T T )
0 200 400 600 800 1000 1200 1400 1600

Distance from the surface (um)

Fig. 6 Microhardness profiles of single beads obtained from laser
remelting of NbC coatings applied on AISI 304L substrates

Laser remelting zone

NbC coating + AlSI 304L

dendritic structures resulting from the thermal gradients
and the microstructure of the Nb, rejected at the solidifi-
cation front, were observed.

The microstructure of the laser-remelted layer consists
of a precipitation region (white) and the matrix (gray). The
EDS analysis in the matrix and precipitation region
(Fig. 7b) shows that the concentration of Nb in the matrix
is between 0.46% and 0.62% by weight, and the concen-
tration of Nb in the precipitation region is greater than 9%
by weight, which is much higher than the average con-
centration of Nb in the matrix (Fig. 6b). Considering this
concentration and the results of the XRD, it can be said that
the white interdendritic phase is mainly the Laves inter-
metallic phase with formation (Ni, Fe, Cr), (Nb).

The XRD diffractograms of the NbC-coated samples
and the laser-remelted surface of the NbC-coated sample
are shown in Fig. 8. The acquired diffractograms of the
NbC thermal spray coating shown in Fig. 8(a) were com-
pared to several others of NbC crystals from the Powder
Diffraction File (PDF®) database, presenting very high
compatibility with the NbC (PDF 38-1364 and 65-7993).
There are also peaks related to the formation of Nb oxides
(NbO, NbO2 and Nb205) typical of the thermal spray
process; these Nb oxides are compatible with PDF files
71-2146, 34-898 and 72-1484, respectively.

The XRD diffractograms of the laser-remelted surface
are shown in Fig. 8(b) and have a good coincidence for the
following four phases: (1) austenite phase of Cr-Ni steels
(PDF 33-397)—(2) Laves phase (PDF 12-603), (3)

AlSI 304L Substrate

Signal A=CZ BSD EHT = 20.00 kV
Mag= 111X WD = 8.0 mm

100 um

L Y T y
4um Electron Imaae 1

Fig. 7 Laser-remelted continuous layer of the NbC + AISI 304L, (a) elongated dendritic arms in the laser-remelted zone and (b) punctual EDS

analysis in different regions of the remelted zone
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Fig. 8 XRD diffractograms of the flame-sprayed NbC coating and
the NbC + AISI 304L laser-remelted surface

chromium oxide (PDF 6-532) and (4) niobium carbide
(PDF 65-6661).

The DRX corroborates the existence of the Laves
intermetallic phase with formation of (Ni, Fe, Cr), (Nb).
There are also some NbC not dissolved during laser refu-
sion, in addition to the austenite phase of AISI 304L steel
and surface CrO, resulting from the heating process until
fusion and generating the gradients of surface chemical
composition.

Erosion—Corrosion Results

Erosion—corrosion tests were carried out using a mixing
vessel, in a solution of 3.5% NaCl and 300 g of SiO, and
adopting two impact angles of the erodent particles. The
tests were performed to determine the weight loss of the
NbC-remelted surfaces on AISI 304L substrate and AISI
304L steel without remelting. The results presented are
only comparative, and further studies are needed to eval-
uate the synergy of the erosion—corrosion phenomena
involved.

It is important to observe that the electrochemical
measurements are the most used and indicated for the study
of tribocorrosive phenomena (Ref 22). The mechanisms of
corrosion-assisted wear are complex because the electro-
chemical state of the surfaces is highly dependent on the
type and intensity of wear. Potentiodynamic polarization
techniques make it possible to study the influence of wear
on the active/passive performance of the surfaces and to
estimate the kinetics that controls the corrosion rate.

Figure 9 shows the mean values of weight losses (mg)
and wear rate of erosion—corrosion test. As can be observed
in Fig. 9(a), the largest mass loss was 28.7 mg and
occurred in the AISI 304L samples without surface modi-
fication and impact angle of 90°. When the impact angle
was 30°, the mass loss decreased it in this same material
reaching 21.7 mg. However, the NbC + AISI 316L laser-
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Fig. 9 (a) Mass loss and erosion rate results from erosion—corrosion
tests. (b) Wear rate of erosion—corrosion test

remelted samples with chemical and microhardness gradi-
ent formation showed the lowest mass losses (18.7 mg),
when the impact angle of the erodent was 90°. In the
remelted samples, when the impact angle was lower (30°),
and mass losses increased up to 24.3 mg.

In the graph of the wear rate (Fig. 9b), it is possible to
verify that in all conditions a gradual increase in wear
occurred; however, it is observed that when the test time
reached 90 min, a change occurred in the intensification of
erosive—corrosive wear in the condition of 90° in the AISI
304L samples, probably caused by the cumulative effect of
the degradation of the material by the normal impact of the
erodent.

Figure 10 shows SEM images of the surface of the
samples exposed to erosion—corrosion tests. In the samples
with surfaces modified by the laser remelting process of
NbC + AISI 304, pitting formation was observed after the
erosion—corrosion test, as shown in Fig. 10(a). Pitting
formation was observed on the surfaces independent of the
erodent impact angle and was associated with the forma-
tion of the Laves phase on the modified surfaces, as pre-
viously proven. The formation of this intermetallic Laves
phase (Ni, Fe, Cr), (Nb) causes a neighboring region with
lower Cr concentration, as can be seen in the result of the
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Fig. 10 SEM images of erosive—corrosive wear surfaces, (a) forma-
tion of pitting at the surface of NbC laser-remelted samples on AISI
304L substrate and impact angle of 90°, (b) EDS analysis on pitting,

EDS analysis shown in Fig. 10(b). As described by Lopez
et al. (Ref 22), the pitting formation does not directly cause
significant increase in weight loss in the surface-modified
samples; however, increasing the density of these cavities
on the surface can aid the wear, reducing the resistance of
some areas and resulting in greater weight loss. In the
NbC + AISI 304L samples remelted with laser, an
increase in the mass loss occurred when compared to the
AISI 304L samples. This behavior was caused by the for-
mation of superficial bites in this condition. When the
angle of impact was 30°, the ductile mechanism of erosive
failure prevailed with the formation of areas of high plastic
deformation and micro-cuts; in this case, the formation of
pitting increased the detachment of the material from the
surface, that is, it had a synergistic effect in the total mass
loss in the erosive—corrosive wear process.

In samples of AISI 304L steels with no surface modi-
fication, it was observed (Fig. 10c and d) a high surface
roughness with the formation of multiple craters and
overlapping deformed plates as the main erosion—corrosion
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(c) erosive—corrosive wear surface of AISI 304L steel and impact
angle of 90° (d) erosive—corrosive wear surface of AISI 304L steel
and impact angle of 30°

mechanism in AISI 304L steels (Ref 23). The surfaces of
the materials suffer multiple impacts, leading to the for-
mation of plastic-deformed areas in the form of lips, which
can be removed by subsequent impacts of the erodent. In
the erosion of AISI 304L steel, with impact angle of 30°, it
was observed (Fig. 10d) greater plastic deformation caused
by repeated oblique impacts.

It is also observed that the grooves produced by micro-
cutting and plowing present the morphological character-
istics of the erosion of ductile materials. When the impact
angle of the erodent particles was 90°, as shown in
Fig. 9(c), surface hardening has occurred, cracking to
failure, and it can be speculated that corrosion increases
erosion, accelerating the release of surface material by
repeated impacts of particles.

The results obtained in these erosion—corrosion tests can
be assumed as really promising for wear and corrosion
applications of laser surfacing alloy of thermally sprayed
coatings, mainly considering that most of the recent
researches involving NbC coatings have been studied for
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very thin films mainly applied by thermo-reactive deposi-
tion methods (Ref 24-26) with no perspective of use in
large components.

Further specific corrosion evaluation for the laser-al-
loyed thermally sprayed NbC samples has been planned to
better elucidate the corrosion mechanisms and the corro-
sion resistance in different industrial environments.

Conclusions

The NbC coatings with a thickness of 250 um were flame
sprayed on AISI 304L, and further laser remelted. The
resulting surface layers were dense, free of defects and with
excellent metallurgical bonding with the substrate. The
layers showed a chemical gradient of Nb, Cr and Ni on
AISI 304L substrate.

The laser surface modification of NbC coatings on AISI
304L substrate formed microhardness gradients between
350 HV,; on the surface and 210 HV,; on the substrate,
depending on the energy density of the laser.

In the modified layers, the formation of thin dendritic
microstructure of solidification showing dendritic arms
with cellular or elongated morphology was observed, as a
function of the thermal gradient and the segregation of Nb
in the solidification front. Interdendritic regions rich in Nb
generated the formation of the interleaved Laves phase
(NiFeCr), Nb.

The laser remelting of the AISI 304L steel with NbC
generated layers with lower weight loss in erosion—corro-
sion tests applying the erodent impact angle of 90° when
compared to the AISI 304 substrate. When the impact
angle of the erodent was 30°, the weight loss was higher.

In the samples studied, a surface with evident effects of
the erosion—corrosion process was observed, with forma-
tion of a region with a soft appearance and formation of
pitting. The pitting formation was observed on the surfaces
regardless of the angle of impact of the erodent and was
associated with the formation of the Laves phase on the
modified surfaces.
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