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WC-Co cutting tools are widely used by the metalworking industry. In order to improve the
properties of these tools, research on the application of wear-resistant coatings, such as polycrystalline
diamond, are of great importance to several applications. It is known that the occurrence of high-stress
levels between the coating and the substrate can lead to adhesion failures. One strategy to minimize
these failures is applying an intermediate layer of SiC. In this work, the deposition of a SiC layer
was carried out by a novel two-step laser cladding approach. Instead of cladding directly the pre-
synthesized SiC on the substrates, a 200 pum silicon powder layer was pre-deposited on the WC-Co
substrates and then irradiated with a 30 W CO, laser. To improve metallurgical bonding between the
tungsten and the Si layer, all substrates were chemically attacked. This attack allows cobalt removal
from the surface and increases surface roughness, improving the laser cladding process. After the SiC
laser cladding, samples were coated with a 200 um graphite powder layer and irradiated again by a
CO, laser. The samples were characterized by SEM, EDS, and XRD analysis. The results showed
that in the first step, an irradiation energy of about 0.27 J was enough to fuse the silicon powder to the
substrate and in the second step, 0.13 J was enough to promote the reaction between silicon, carbon
and the WC substrate, resulting in the in-situ synthesis of SiC. Finally, a new method was proposed
for the deposition of SiC on WC-Co based substrates and the observed results allowed the proposal

of an empirical equation to describe the chemical reactions of the process.
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1. Introduction

Since their conception in 1923, carbide tools (WC-Co)
are the most widely used cutting tools in the metalworking
industry. However, given the constant development of new
alloys and the pursuit of increased productivity, the use of
hard coatings has become a standard to increase the wear
resistance of tools set for high speed cutting and feed'?.
As an example, diamond coatings are considered a great
option for the task, due to their chemical, physical and
mechanical properties, in addition to its extremely high
hardness (10000 HV)**.

Adding a diamond coating to the WC-Co substrate
results in tools with extremely hard surfaces and tough cores
increasing the tool lifetime during the machining process.
Nevertheless, diamond-coated WC-Co tooling presents
some technological challenges to be overcome, such as:
incompatibility between the thermal expansion coefficients
of the diamond film (1x10¢/ ° C) and the WC-Co substrate
(5.5-7x10/ ° C); presence of Co on the tool surface which
may promote the formation of graphite. Both drawbacks
favor coating peeling™. In order to avoid that, chemical
etching is usually used to reduce cobalt concentration on the
surface and to increase the interface roughness, improving the
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metallurgical bond between the substrate and the deposited
film®. Laser irradiation has also been reported as an effective
method to remove Co from the outermost layer of WC-Co’.
Another viable strategy is the deposition of intermediate
layers, acting as diffusion barriers for Co and minimizing
effects from the thermal expansion difference. Among
several possible interlayers cited in the literature, silicon
carbide (SiC) is pointed as one of the best options for such
application”!*%. SiC is extensively used in abrasive tools,
ceramics, insulation, metallurgical applications, refractories,
and wear resistant materials, and this is due to its superior
properties, including wide bandgap, low density, low thermal
expansion, excellent thermal shock/oxidation/chemical
resistance, high hardness, and high thermal conductivity'$>!.

Traditionally, SiC interlayers are grown by Hot
Filament Chemical Vapor Deposition (HFCVD), however,
Contin et al.® have shown the viability of producing interlayers
irradiating a laser beam on a SiC powder layer dispersed
over the substrate surface. According to the authors®, the
advantages of laser deposition are higher processing speed,
higher heating/cooling rate, better precision, possibility of
automation and versatility.

The main mechanism of the process cited in® is the
sintering of SiC. This work proposes a new methodology
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to create a SiC interlayer tightly bonded to the WC-Co
substrate which is not sintering. The procedure consists
of fusing a silicon layer on the substrate using a laser then
covering it with carbon and irradiating it again with the
laser to synthesize SiC in-situ. Silicon melting temperature
(1414 °C) is considerably lower than the temperatures
required to promote the sintering of SiC particles (about
1950 ~ 2180 °C?>%), making it possible to use low power,
inexpensive CO, lasers in the process. Furthermore, the
complete melting of the silicon layer could promote a
tighter substrate bonding than the solid-state sintering of
SiC particles. It was previously verified by Toth et al.** that
using ultrafast lasers (fs), this reaction can be obtained, and
according to Galvao et al.”, the carbonation of a solid SiC
target using a CO, laser is also possible.

2. Materials and Methods

2.1. WC-Co substrate preparation

The SANDVIK Brand R262.22-1304 commercial
machining tools (inserts), shown in Figure 1, were used as
samples in this work. To remove the cobalt and consequently
increase the surface energy, the WC-Co samples were
subjected to two chemical treatments. First, the samples were
immersed in Murakami’s reagent (K,(Fe(CN),) + KOH +
H,0) for 10 minutes in order to dissolve the WC particles
from the surface, exposing the Co layer. In the second step,
the samples were immersed in aqua regia (HNO, /HCl = 1:
3) for 5 minutes to remove the Co from the outermost layer.

2.2. Silicon pre-deposition

A mixture of silicon powder (50 g) and ethylic alcohol
(300 ml) was sprayed through a pneumatic gun, as shown
in Figure 2. The air pressure used in the gun was adjusted
to ensure good transport of the mixture to the substrate (~
3 Bar). After spraying, the samples were dried at 60° C
for residual alcohol evaporation. The thickness of the pre-
deposited powder layer was controlled using the scratching
technique. It consists of scratching the pre-deposited powder
layer with a tip of known geometry (in this case, a 60° edge),
positioned perpendicularly to the sample surface and pressed
by a polymeric spring (biaxially-oriented polyethylene
terephthalate “Mylar®, Dupont Tejjin Films”). The table
is horizontally moved, resulting in a scratch on the powder
layer. Measuring the width of the scratch under an optical
microscope and using trigonometric relationships, the
thickness of the pre-deposited layer is calculated. In this
work, a powder layer thickness of 200 + 20 pm was used
for all tests?*?’. Figure 3 illustrates the scratching process
of the pre-deposited powder layer.

2.3. Laser cladding process

The laser fusion process used in this work is referred
to as “laser cladding” in the literature. During cladding,
the laser beam is absorbed by the sample layer causing fast
heating (10° K / s), and when the laser stops it cools down
dissipating heat in the substrate?>*’.

In order to melt or vaporize the powder, it is necessary
to provide a certain amount of energy. The interaction time,
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Figure 1. WC-Co cutting tool used as substrate in this work.
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Figure 3. Schematic drawing of the scratching technique to evaluate
the thickness of the pre-deposited powder layer.

t, of a laser beam on a surface, is an important variable to
determine the amount of absorbed energy. In a CO, laser,
which operates in continuous mode, the interaction time
can be estimated by the ratio between laser spot size, 2w
(diameter), and laser beam scanning speed, v, over the
sample, described by Equation 1%:

t =2w /v (1)

Given the power, P, and the interaction time of the laser
beam, it is possible to determine the amount of heat and/or
energy, O, delivered to the system, described by Equation 2%
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The silicon layer was deposited by laser cladding using
a Synrad CO, Laser emitting at 10.6 um in continuous wave
mode with a maximum power of 30 W. Beam delivery
system was composed of a scanner with a focusing theta
lens (focal length of 125 + 2 mm), and the following scan
parameters: scanning speed of 20 mm/s, 50% overlap between
laser tracks and beam diameter of 180 um. According to
Equation 2, at this condition the laser irradiation energy was
of 0.27 J. During the laser irradiation process, a nitrogen
gas flow (5 L/min) was used to protect the optics as well as
to minimize undesirable reactions of the irradiated sample
with atmospheric contents.

2.4. Graphite pre-deposition and laser cladding

A mixture of graphite powder (30 g) and ethylic alcohol
(300 ml) was sprayed onto the previously cladded silicon
layer samples using a pneumatic gun. A 200 + 20 pm layer of
graphite was sprayed (as defined by the scratching process)
over chemically treated and cladded samples followed by
CO, laser irradiation performed with a laser scanning speed
of 40 mm/s, delivering a laser irradiation energy of 0.13 J.

2.5. Chemical and microstructural
characterization

Scanning electron microscopy (SEM) images from the
samples were obtained with a TESCAN MIRA3 field-emission
gun (FEG) microscope and a Tescan VEGA3 tungsten
filament microscope, both operated in the secondary electron
detection mode. Energy dispersive spectroscopy (EDS)
was used (in both microscopes) to analyze the chemical
composition of the samples.

The observed phases were identified using a Panalytical
Empyrean X-ray diffractometer (XRD), with a Cu-Ko radiation
source, and then quantified using the HighScore Plus software
supported by the Inorganic Crystal Structure Database (ICSD)
and using Rietveld refinement. Substrate roughness was
measured, before and after the chemical treatments, using
a TAYLOR HOBSON/TALY SUREF profilometer.

3. Results and Discussion

3.1. Substrate preparation

The surface morphology of the substrate is shown in
Figure 4 where it is possible to observe the shape of the WC

grains. WC-Co substrate chemical composition, as-received,
was obtained by EDS and is presented in Table 1. It is important
to emphasize that the Co element is responsible for the liquid
phase formation and Ti, Ta, and Al are additional elements
used to improve material properties®. The light-weighted
elements, like C and O, were detected but not considered
for the EDS quantification.

The WC-Co substrate was submitted to XRD analysis
to evaluate the phases present on the surface and the
diffractogram obtained is shown in Figure 5(a). Only peaks
belonging to the WC (ICSD 98-000-3871 — Space Group
P -6 m 2) phase are visible. An evaluation of the substrate
roughness was carried out in three distinct regions of the
samples, presenting average roughness (Ra) of 0.211 pm,
with a standard deviation of 0.015 pm.

Murakami’s reagent was used to dissolve the surface
WC from the samples which is required for the Co removal
in the next step. The SEM micrograph of the etched sample
is shown in Figure 6 where it is possible to verify the
dissolution of WC grains. Dissolution of the WC grains was
confirmed by EDS shown in Table 1, where a decreasing in
W content and an increasing in Co content near the surface
is observed. Another consequence of the etching is the
increase in average surface roughness (Ra) to 0.299 um,
with a standard deviation of 0.020 pm.

In the second chemical treatment, aqua regia was used
for the Co removal from the sample surface. The average
surface roughness (Ra) was reduced to 0.269 pm, with a

Figure 4. SEM image of WC-Co substrate surface, as received.

Table 1. Chemical composition of WC-Co substrate and cladded layers, measured by EDS.

Al Ti Co Ta w Si

%wt +SD  %wt +SD Yowt +SD Yowt +SD Yowt +SD Yowt +SD
As-received WC-Co ~ 7.61 059 19.84 606 2073 160 794 186 4388 270 - -
After Murakami’s 675 065 5542 1043 2687 235 461 162 632 165 — -
After aqua regia -- -- 16.46 436 3.71 0.72  16.03 1.62 63.79 2.94 -- -
After Si cladding (no - - - 047 023 ~ - 3798 061 6156  0.40
chemical etching)
After chemical etching - - 028 038 - - 4096 095 5877  0.64
and Si cladding
After graphite - - -~ — 25 025 9748 025

depostion
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standard deviation of 0.025 um, when compared to those
obtained in the previous step. SEM image (Figure 7) shows
the surface of the sample etched by aqua regia. The reduction
of Co content on the surface of the WC-Co sample is visible
and it was confirmed by an EDS analysis (Table 1).

3.2. Laser cladding of the silicon layer

Aiming to test the efficiency of the chemical attack, laser
cladding of the Si layer was performed in two groups of
samples, one with chemical treatment and the other without.
The clad samples were analyzed by SEM and EDS, and
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Figure 5. XRD of samples: a) as-received WC-Co sample; b) sample
without chemical treatment, after laser cladding of the Si layer, c)
sample with chemical treatment, after laser cladding of the Si layer;
and d) sample after Si and graphite cladding.
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Figure 6. SEM image of WC-Co substrate, after 10 min immersion
in Murakami’s reagent.
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the results of these analysis are also presented in Table 1.
Figure 8 shows a discontinuous coating consisting of fused,
sintered, and coalesced silicon grains. Figure 9 brings the
chemically treated sample SEM where it is possible to verify
the silicon grains evenly distributed on the sample surface.
For the two samples, the EDS results confirm cobalt depletion
and the presence of silicon on the surfaces.

XRD was performed after Si cladding in both samples,
with and without chemical treatment. From the diffraction

grains
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Figure 7. SEM micrograph of the WC-Co sample etched for 5
min with aqua regia.

View fleld: 64.2 jim

Sewmacdsip

Figure 8. WC-Co sample without chemical etching, after CO,
laser irradiation.
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Figure 9. WC-Co sample with chemical etching, after CO, laser
irradiation.

profiles shown in Figures 5(b) and (c), it can be seen that
WC peaks, already observed in the as-received sample, are
still present and they belong to silicon (ICSD 98-004-8899 —
space Group F d -3 m). The absence of other peaks strongly
suggests that there were no reactions between the cladded Si
and the WC substrate. Also, according to the diffractograms,
there was no substantial difference between the samples with
or without chemical treatment.

Scratch tests were performed on the chemically treated and
untreated samples by applying a progressive load from 3 to
30 N on a 3 mm test track. Elements present in the region of
the scratch test were identified by EDS and the morphology
of the scratch was analyzed by optical microscopy.

In the sample without chemical treatment, the presence of
silicon in the scratched region was not identified. This fact is
an indicative that there was a weaker adhesion of the coating
to the substrate. On the other hand, the sample with chemical
treatment presented silicon up to approximately 1.5 mm of
the scratch, suggesting that the coating resisted a load of
15 mN. These results are presented in Figures 10 and 11,
proving the efficiency of the acid treatment in relation to
silicon coating adhesion. This ability to withstand the scratch
test can be attributed to the increased surface energy of the
sample after chemical treatment.

3.3. Graphite irradiation

The irradiated samples were analyzed by SEM, EDS,
and XRD. Table 1 presents the EDS results indicating only
the presence of silicon (carbon was also detected but not
considered for all performed EDS analyses). SEM micrographs
(Figure 12) revealed sintered structures suggesting SiC
formation.

In a first analysis of the XRD shown in Figure 5(d), the
presence of peaks referring to the WC, Si, and 2H-graphite
(ICSD 98-006-1028 - Space Group P 63 m c) phases is

Imm

Figure 10. EDS mapping of scratch test on the sample without
acid treatment.

clearly visible. However, low intensity peaks not belonging
to these phases can be observed close to the background.
These peaks were indexed as belonging to the following
phases: silicon carbide (SiC) (ICSD 98-001-1882 - Space
Group F -4 3 m), tungsten silicide (WSi2) (ICSD 98-003-
1268 - Space Group I 4 / mmm) and ditungsten carbide
(W,C) (ICSD 98-006-2179 - P 63 / mmc). The presence
of these phases is a strong indication that there was some
dissociation of the WC present in the substrate and subsequent
reaction with the cladded Si and C. Although the laser
energy applied in this stage (0.13 J) is lower than in the Si
coating (0.27 J), it was enough to generate WSi, and SiC
phases. The decomposition of WC to form WSi, and W,C is
thermodynamically expected®!2, as expressed in equations
3 and 4%, but it did not occur during Si layer irradiation.
It may be related to the lack of energy required for such
transformation, which only occurred after the deposition of
graphite which presents higher absorptivity at the wavelength
of the CO, laser (absorptivities of: Si o = 1.4499 cm™ / C
o =44608 cm™)*3* thus increasing the temperature on the
sample surface and favoring the reaction between W and Si.
According to Nanda Kumar et al.*?, this reaction occurs at
temperatures above 1200 ° C, but it was not observed after
the first irradiation or it was quite limited and the products
were not detected by XRD, probably due to the lack of
kinetic conditions (short irradiation time). This reaction is
markedly exothermic (DeltaH = -41 kJ/mol) and leads to a
significant adiabatic “chemical heating”. Temperature during
the sintering of a WC-Si system can reach nearly 1800 °C
due to the occurrence of such reaction. On the other hand,
the formation of SiC is not expected in this equation, but
may have occurred through Si reaction with the deposited C.

WC + 25i = WSiy + C(graphite/a—Carban) 3)
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Figure 13. Rietveld refinement of the WC-Co sample after Si and
graphite cladding.
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Figure 12. SEM micrograph of the WC-Co sample after Si cladding,
graphite coating, and CO, laser irradiation.

Rel. Int.

2WC + Oy = WHC + COy 4)

The volume fraction of the phases formed in the sample,
after graphite cladding, was estimated using Rietveld refinement
and the result is shown in Figure 13. For better visualization,
the low-intensity peaks, indexed as SiC, WSi, and W,C, O O S PO N
are shown in Figure 14. A more complete description of 25 30 35 40 45 50 55 60
the refinement results can be found in the Supplementary 20 (degrees)

Material A1. It is possible to observe the presence of peaks

not yet indexed as well as some discrepancies between the  Figure 14. Indexing of the low-intensity peaks present in the XRD
intensities of the refined peaks and the experimental intensities.  of the WC-Co sample after Si and graphite cladding.
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25um

Figure 15. Cross-section of the sample after graphite cladding.

This prevented the achievement of a lower weighted profile
R-factor and a good fit suggesting that other phases may be
present. Silicon carbide, for example, can have approximately
250 different polytypes. The cubic structure 3C-SiC found
in this work is less common than the hexagonal polytype
6H-SiC, but its formation is favored at temperatures above
1400 °C?*, which is consistent with the dissociation of the
WC in W,C and the formation of WSi,. The presence of
the WSi, and W,C phases (Figure 13) is an indication that
metallurgical bonding has taken place between the substrate
and the coating, as described in Equations 3 and 4, and
according to Contin et al.’, this improves the deposition
of the diamond film. However, some fraction of another
polytype may be present in a small amount, which makes
its identification challenging. Other diffraction techniques,
such as grazing incidence angle, would be necessary for a
more complete characterization of the present phases.

In the cross-section of the sample after graphite cladding
(Figure 15) it is possible to observe a cladded layer of
approximately Spum. Observing the EDS map, shown in
Figure 15, it is possible to notice the efficiency of the chemical
attack process whose minimizes the presence of cobalt on
the sample surface. The results also show a heterogeneous
layer with low Si and C concentrations that must be further
studied to improve the spraying process or even to reproduce
the process for thicker and more homogeneous layers. As the
boiling temperature of cobalt is much lower than that of
tungsten, a pulsed laser could replace the chemical process
to perform cobalt removal and increase the productivity.
It should be studied in a future work.

4. Conclusion

A two-step method for the deposition of a SiC layer
on the surface of the WC-Co substrate, using silicon and

graphite elemental powder, was developed. From the
analysis performed in this work, it is possible to conclude
the following:

*  Alow laser energy of 0.27 J was enough to fuse
the silicon pre-deposited coating and no chemical
reaction was observed between silicon and the
WC substrate;

*  An even lower laser energy of 0.13 J promoted
the reaction of the pre-deposited graphite with the
silicon layer and the WC, forming SiC and WSi,,
and this is due to the higher graphite absorptivity
at the CO, laser wavelength;

e Thepresence of the WSi, phase is an indicator that
a metallurgical bond takes place between the SiC
layer and the WC-Co substrate;

*  Coating adherence was higher in the chemically
treated sample due to the increased surface roughness;

The versatility and inexpensiveness of the developed

method grants itself a potential for application in both
laboratory and industrial environments.
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