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Abstract

The laser remelting technique is considered a promising and effective method for improving the surface of thermally
sprayed coatings, eliminating microstructural defects such as pores and cracks, increasing the life of parts and equipment
by increasing microhardness and increasing anchoring force between coating and substrate. In the present work, tungsten
carbide alloy (WC-12Co0—4Cr) coatings were deposited on properly prepared SAE 1016 substrates using the high velocity
oxy-fuel technique. An ytterbium fiber laser was used to remelt the surface of the coating by accurately varying the scanning
speed and laser beam power to achieve a pore and crack-free coating and better metallurgical anchorage to the substrate
through the optimization of the studied parameters. The samples were characterized by scanning electron microscopy and
microhardness. The results show that it is possible to obtain higher hardness coatings after the laser remelting process, free
of pores or pronounced imperfections and metallurgically bonded to the substrate. We also found a processing range for the
ytterbium laser remelting of the WC—-12Co—4Cr coating aiming at high productivity and microstructural optimization of
the coating for different thicknesses.
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1 Introduction

The high velocity oxy-fuel (HVOF) thermal spray process
is commonly used for depositing wear resistant coatings and
has been successfully used for spraying ceramic coatings
such as WC—Co-Cr [1-3]. The main applications of this
technology are related to internal combustion engine shafts,
compressors [4], and are widely used to protect surfaces
against corrosion and wear in the petrochemical, aerospace

Technical Editor: Izabel Fernanda Machado, Dr.

< Renato Camponogara Panziera
renato.panziera@hotmail.com

Precision Mechanics Laboratory - LMP, Department

of Mechanical Engineering - EMC, Universidade Federal
de Santa Catarina-UFSC, Technological Center, R. Eng.
Agrondmico Andrei Cristian Ferreira, s/n — Trindade,
Floriandpolis, SC CEP 88040-900, Brazil

Department of Mechanical Engineering, Universidade
Federal do Pampa - Unipampa, Alegrete, RS 97546-550,
Brazil

and food industries [5, 6] and also in automotive and elec-
tronics industry [7].

Controllable spray parameters, such as high flame veloc-
ity, lower flame temperature and relatively short residence
time, produce coatings with high hardness, low porosity and
good adhesion compared to other thermal spray techniques
[8, 9]. However, there is room for improving the quality
of spray deposits to achieve the results obtained by fusion
techniques, such as direct energy deposition methods, as the
resulting coating generally has porosity and is the main limi-
tation of coatings thermally sprayed [10, 11].

HVOF spray technology is widely used for the deposition
of protective coatings with high wear, corrosion and temper-
ature resistance. However, a typical lamellar microstructure
of thermally sprayed coatings contains some imperfections
such as pores, oxides and unfused particles that may limit
the functional properties of the sprayed coating. Some of
them can be eliminated by heat after treatment, resulting in
better microstructure and better functional properties. The
HVOF coating can be post-treated in an oven, by a flame or
by a high power laser [12].
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Among several post-treatments of thermal spray metal
matrix composite coatings, Rakhes et al. [13] state that laser
surface treatment is able to remove some of the detrimental
microstructural defects by precisely controlling the depth of
treatment with or without fusion, and also by precise control
of the heat input (power) [12].

Dejun and Tianyuan [14] claim that the substrate bonding
to the WC-12Co coating by HVOF is improved after laser
remelting, mainly by mechanical bonding, accompanied by
a small metallurgical bond.

Laser surface remelting technology is one of the promis-
ing methods for effectively modifying the degree of density
of thermally sprayed coatings [15]. Laser remelted coatings
have a much denser and more homogeneous structure with
excellent metallurgical bonding between particles. Signifi-
cant reduction in surface roughness is also found on the sur-
face of laser coatings [15].

When components are exposed to impact loads, such as
operation under cavitation conditions, high porosity, pres-
ence of oxides and unfused particles in HVOF-sprayed
coatings, as well as low adhesion to the substrate are incon-
venient, which strongly limits suitability of the method. In
such cases, subsequent treatments may be applied in order
to refine the structure of the layers and improve their adhe-
sion to the substrate as treatments using laser remelting [16].

Laser remelting is a useful technique for modifying the
coating architecture. In addition, coating inherent properties
such as porosity and lamellar limits can be eliminated after
laser remelting [7].

Cold spray coatings have a number of disadvantages
such as porosity, surface roughness, surface delamination
and so on; these disadvantages could be overcome through
surface post-spray treatments such as laser remelting [17].
Therefore, much research is underway trying to solve these
problems found in thermally sprayed coatings [18].

Cai et al. [19] state that in the laser cladding process the
cooling rate of the coating is extremely fast where it has a
high temperature, so laser reflow is ideal for retaining or
developing the unbalanced microstructure and is an effective
way improve material performance. Thus, reflow is proposed
to eliminate voids generated during the cladding process and
to improve wear resistance and corrosion resistance [20].

The post-treatment by reflow laser tends to be an appro-
priate method to resolve the above-mentioned problems.
Laser treatment can remove pores and lamellar structure
from the coating to obtain a homogeneous microstructure
and increase the diffusion bond strength of elements near the
interface between coating and substrate. The wear resistance,
corrosion resistance and thermal shock resistance of coat-
ings can also be improved by laser remelting [21].

In addition, the increasing demands on materials make
it more difficult or even impossible to combine the differ-
ent properties required into one material. This results in
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the need to develop new methodologies to improve the sur-
face properties of metallic materials. For this purpose, the
post-treatment laser was developed. Laser surface fusion is
a hopeful process for improving the performance of spray
coatings [17].

As can be seen above, laser remelting is pointed as
a solution for the improvement of coatings against wear,
corrosion and oxidation. This work aims to investigate the
use of an ytterbium fiber laser to remelt the surface of a
WC-10Co—4Cr coating, deposited by HVOF, by varying the
scanning speed and laser beam power, aiming to produce a
pore and crack-free coating and to enhance metallurgical
anchoring to the substrate through the optimization of the
studied parameters. Scanning electron microscopy will be
used to identify the porosity of the coating, the adhesion
between coating/substrate and the depth of penetration of
the remelted zone with laser, and microhardness test will
be performed.

2 Experimental procedures
2.1 Sample preparation

The material used as substrate in this study was SAE 1016
carbon steel. The samples were subjected to an aluminum
oxide abrasive blast pre-treatment (Al,O3), with particle size
between 0.7 and 1 mm, to remove contaminants, oil residues,
surface degreasing and promote an average surface rough-
ness (Ra) of 6 um for a good mechanical anchorage of the
coating on the substrate [22].

2.2 Tungsten carbide powder and thermal
deposition

For the application of the WC-10Co—4Cr coating, a robotic
arm powered SULZER METCO DJ 2700 equipment was
used and propane combustion (C;Hg). The powder used was
WOKA 3653 (WC-10Co0—4Cr) sold by Harris Brastak Sol-
das Especiais SA, whose chemical composition of the pow-
der is shown in Table 1 according to the SULZER METCO
standard. In addition, detailed sprinkler parameters are listed
in Table 2 [22].

Table 1 Chemical composition of WC-10Co—4Cr powder

Element Specified (% by weight) Found (% by  Density
weight) (g/cm3)

C 4.500/7.500 5.320 5.0

Co 9.000/11.000 10.380

Cr 3.000/4.500 4.230

w Remaining/remaining 80.07
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Table 2 Parameters of HVOF

Parameter Condition
spray process

Oxygen flow 253 1/min

Propane flow 77 /min

Air flow 376 1/min

Nitrogen flow 12.5 I/min

Spray distance 230 mm

Powder Feed rate 38 +2 g/min

The geometrical and morphological characteristics of
the powder are shown in Fig. 1a, b. Particle size distribu-
tion was determined using the scanning electron micro-
scope (SEM). The average diameter obtained was 38 pm,
which is within the manufacturer’s specification, which is
45+11 pm.

Mag= 500X
Signal A = SE1

EHT =20.00 kv
WD = 9.0 mm

2.3 Laser remelting process

The laser remelting process was performed with a YLS-
10000 ytterbium fiber laser from manufacturer IPG
Photonics®, with 10 kW maximum laser beam emission
power, 1070-1080 nm wavelength, enabled for operation in
continuous mode (CW). The remelting process was used to
eliminate microstructural defects such as pores and cracks
inside the coating. The apparatus is schematically illustrated
in Fig. 2a together with the scanning strategy used to move
the laser beam over the substrate as shown in Fig. 2b. The
hatch distance, defined as the distance between two adjacent
laser beam passes, was 400 um, as the beam diameter is
800 um and a 50% line overlap was sought. No shielding
gas was used. Laser power and sweep speed used are shown
in Table 3.

)
EHT = 20.00 kV Mag= 150KX
WD = 9.0mm Signal A = SE1

Fig.1 SEM images for powder morphology at a X500 magnifications and b X1500 magnifications
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Fig.2 a Schematic illustration of the equipment and b scan direction of the laser casting process
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Table 3 Parameters used in
laser remelting

Parameters P1

P2 P3 P4 P5 P6 pP7 P8 P9 P10

Laser power (W) 200
Scan speed (mm/min) 1200

250 300 350 400 200 250 300 350 400
1200 1200 1200 1200 200 200 200 200 200

2.4 Sample characterization

Both the sprayed and the laser beam sprayed and remelted
samples were cut and polished following standard metallo-
graphic techniques. The microstructure of the coatings was
observed using a scanning electron microscope (SEM, Zeiss
model EVO MA10).

The composition of the crystalline phases of the powder
and coating was analyzed by X-ray diffraction (XRD) by a
diffractometer with radiation K, line of Cu (Rigaku-Ultima I'V)
with Bragg—Brentano geometry operated at 40 kV and 20 mA,
with 0.05 degree pitch and 1 s integration time.

For the determination of the Vickers microhardness profile
in the cross section, a Buehler microhardness model MicroMet
6010, with a load of 200 g with a spacing of 70 um, equiva-
lent to three times the diameter of the indentation between the
measurements, was used.

Laser reflow was performed in continuous mode. In contin-
uous mode, the interaction time is estimated by the relationship
between the laser beam diameter and the laser scanning speed.
The laser beam used in this case offers a Gaussian-type power
distribution with maximum power density in the center and
two annular rings in the periphery [23]. The energy density
was calculated from the expression (1):

P
E=an M

Substrate

Mag= 300X
Signal A = SE1

EHT = 20.00 kv
WD = 75mm

where is E energy density (J/mm?), P laser power (W), d
laser beam diameter (mm), and v scanning speed (mm/min).
The thickness of the remelted layer was measured from
transverse micrographs.

3 Experimental results
3.1 Deposit sprayed by HVOF

Figure 3a, b shows the typical cross-sectional morphology of
the WC—-10Co—4Cr coating sprayed by the HVOF method.
The dark contrast corresponds to the steel substrate and the
light to the coating. The coating is homogeneous, with no
surface cracks, about 110 um thickness, pore presence and
good mechanical adhesion to the steel substrate, with no
cracks between the coating/substrate interface as expected
from an optimized HVOF process. However, the presence
of pores and oxides in the coating is visible.

3.2 Laser remelted process

Figure 4 shows the cross sections of the sprayed sample as
well as the laser remelted samples under the 10 parameters
described (Table 3). Figure 4a refers to the sprayed sample.
Figure 4b refers to the remelted with parameter 1; Fig. 4c
represents parameter 2, Fig. 4d parameter 3 and so on to
Fig. 4k, referring to parameter 10.

Mag= 800X
Signal A = SE1

EHT = 20.00 kv
WD = 7.5 mm

Fig.3 SEM micrograph of WC—-10Co—4Cr coating cross section with a X300 and b X800 magnifications
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200 mm/min

1200 mm/min

Substrate

EHT = 20006V
WC=T7S5em

Fig.4 Cross sections of a WC-10Co—4Cr coating and b-k of the same sample after remelting the laser parameters 1200 and 200 mm/min scan

speed

Provided just spraying (Fig. 4a), one can easily observe
well-defined interface between the coating and the substrate.
From Fig. 4b, the remelted layer of the coating on the sub-
strate is noted and this becomes increasingly evident with
the increase in the laser power used. The remelted depth
was 147.5 pm, 252.0 um, 301.8 pm, 282.3 um, 353.5 um,
323.2 pm, 508.8 pm, 679.7 pm, 868.7 pm and 1131.0 pum,
respectively, for Fig. 4b-k.

Figure 5 shows the variation of the remelted depth (fused
layer thickness) as a function of process parameters used.

The WC-10Co—4Cr powder XRD patterns used as a spray
coating are shown in Fig. 6 together with the respective

coating and remelting. It is verified that the powder used
has other phases besides WC-10Co—4Cer, as can be observed
by the indexation of the peaks. After HVOF spraying, the
only change observed is the disappearance of the contri-
bution relative to the metallic W phase, predominating the
polycrystalline phase of WC [14].

The Vickers microhardness (HV,),) for the laser sprayed
and remelted samples is shown in Table 4 as a function of
the depth in the cross section of the samples. The micro-
hardness of the sample without laser treatment has an aver-
age coating value of 1151.5 HV, and after remelting this
hardness is increased to 1506.1 HV and 1267.5 HV for
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Fig.6 X-ray analysis

Table 4 Vickers microhardness
values for deposits sprayed
before and after the laser
remelted process
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parameters 1 and 2, respectively. As the power of the laser
increases, the remelting depth increases, tending to make
the coating become more diluted and homogenized with the
substrate, reducing the microhardness value and increasing
its thickness as can be seen according to the depth of the
indentations [15, 24, 25].

4 Discussions

Through the HVOF thermal spray process, it was possible
to obtain a coating with low porosity index and good adhe-
sion to the substrate surface. However, these defect levels
are still undesirable for the final components. The levels of
adhesion and porosity are related to the mechanical strength
of the deposited layer. A small amplitude oscillatory relative
motion between two contact surfaces that are subjected to
vibration or cyclic loads greatly accelerates fatigue crack ini-
tiation process and leads to reduction in the life of mechani-
cal components mainly in the presence of pores and cracks
[26].

After laser treatment, the remelted coatings are com-
pletely free of porosity and good interaction between coat-
ing and substrate. Laser remelting is capable of eliminating
existing pores, microcracks, defects and unmolded regions

) ,11& . JM\ on the coating generated by the thermal spray process. In
70 80 9 100 this respect, laser surface treatments to increase the coating
homogeneity, reduce the porosity and improve the overall
mechanical properties are extremely attractive [27].
Looking at Fig. 4, it is possible to notice that some of
the parameters used presented the formation of microc-
racks under the laser beam scanning direction. Generally,
wC P1 P2 P3 P4 P5 P6 P7 P8 P9 P10  Depth (um)
1248.57 1390.8 1200.0 941.7 10399 865.1 819.4 592.0 5540 367.5 573.1 30.0
1094.40 1679.6 1242.8 1114.2 12457 968.9 1101.4 647.7 535.0 403.8 592.7 100.0
1111.57 1447.8 1359.8 1087.8 1275.1 7942 871.0 603.7 5344 4359 5873 170.0
236.03 220.0 251.3 11543 1211.7 677.6 781.8 656.4 4347 3547 5309 240.0
168.70 1852 1769 2424 220.7 2564 620.7 451.7 455.8 384.8 560.4 380.0
156.80 1725  171.7 173.0 1624 1722 248.7 236.6 539.3 3879 573.7 505.0
158.53 1784 1733 173.0 165.8 168.5 160.7 170.0 254.8 651.7 5859 630.0
154.73 1664 1694 167.0 160.7 161.8 1604 167.0 259.5 233.7 606.7 755.0
152.73 156.7 166.1 159.7 157.2 1585 1609 161.7 159.8 230.2 5859 880.0
151.33 1570 1649 1657 156.1 1663 155.8 1622 1514 272.0 6659 1030.0
151.87 1572 171.6 1684 1679 156.1 157.7 1644 150.6 162.4 3069 1180.0
152.90 162.6 1523 1619 159.0 1746 1604 166.2 158.8 150.7 263.0 1330.0
155.93 159.0 160.6 1554 146.2 1647 163.6 162.7 152.3 1529 2649 1480.0
151.30 1643 1546 1675 162.0 173.4 1627 1614 160.2 1573 249.2 1630.0
142.00 167.6 158.6 1635 1589 185.0 163.8 160.7 167.1 1552 262.1 1780.0

Standard deviation the remelted coating

84.5

153.0 82.7 92.7

1054 1225 1741 822 502 102.6 347
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microcracks are formed to accommodate local stress con-
centrations. Cui and Song [15] cite in their bibliographic
research that cracks perpendicular to the direction of the
coating are probably caused by unequal thermal stresses in
the fused rails found in the beam scanning direction.

It was also observed that with increasing laser power
and decreasing beam scanning speed, the remelted surface
penetrates more and more under the substrate, providing a
well-diluted and homogeneous microstructure with a strong
metallurgical bond at the coating—substrate interface [10].
This can be quantitatively observed from the data in Table 4,
which shows low standard deviation microhardness values
under the remelted coating. It is important to note that the
higher the power used in the laser, the greater the thickness
of the deposited coating may be, as the layer to be treated
will have sufficient energy to remelting the entire cross sec-
tion of the coating.

With the dilution of the coating on the substrate, there
was a change in microhardness values under the cross sec-
tion of the samples; De Sousa et al. [28] evidence the same
behavior in his study. Microhardness starts with high values
in the samples with parameters 1 and 2 (higher than the
without remelting coating) due to the high cooling rate that
the laser process offers as indicated in the literature [11, 21,
28]. With the increase in microhardness, it can be empha-
sized that the surface of a workpiece (remelted layer) is even
more resistant to wear [19, 28].

As laser power increases, microhardness values in some
of the parameters decrease due to dilution of the volumet-
ric fraction of the WC phase under the steel substrate [29].
Figure 5 helps to understand this factor by showing that the
melting depth increases with increasing energy, and this
result converges to a higher coating dilution under the steel
substrate [29].

In the XRD analysis, it was possible to notice that the
main phases present in the powder of the WC-12Co—-4Cr
coating remain in the spray coating and after the spraying
and remelting process, there is a predominance of the poly-
crystalline phase of WC, and an Fe phase is present under
the remelted coating.

5 Conclusions

A fiber laser remelting process was performed on the
WC-10Co0-4Cr coating sprayed by the HVOF method
under ten different remelting parameters. The microstruc-
ture and the remelting depth of the coating were analyzed
and measured, respectively, by the scanning electron micro-
scope. As a result, it was found that, through the parameters
used, the remelting depth increases with the increase in the
power used by the laser and/or also with the decrease in the
scan speed, forming coatings with very low porosity index

(visually verified by SEM images) and strong substrate
interaction.

With increasing dilution of the remelted coating on the
steel substrate, microhardness values decreased as laser
power increased to the substrate, which was not influenced
by laser treatment. As a result, the laser remelted zone
dilutes the coating layer over the full extent of laser remelted
penetration.

Otherwise, microhardness values increased in param-
eters 1 and 2 compared to the HVOF process due to the
high cooling rate generated by the sweep rate used in these
parameters.

Finally, it was possible to find a processing range for
ytterbium laser remelting of the WC—12Co—-4Cr coating
aiming microstructural optimization of the coating.
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