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Abstract: Emerging laser precision machining, particularly using pulsed lasers, enlightens the inno-
vation and functionalization of cemented carbides. These backbone materials of the tooling industry
are usually considered difficult to machine or shape using conventional mechanical approaches. The
coating of cemented carbide tools, deemed to improve their mechanical and thermal properties, is
a common supplementary surface treatment prior to their application. This work aims to study
the synergic effects of nanosecond laser ablation and coating deposition on the surface, as well
as the mechanical integrity of cemented carbides. In this regard, two plain WC—Co grades with
different metallic binder content (10%ytCo and 15%ytCo) were first processed by a short-pulsed
nanosecond laser. Subsequently, an AlTiN film was physically vapor-deposited on the laser-processed
surfaces. The resulting surface integrity was assessed in terms of topographical, morphological, and
microstructural changes. Mechanical integrity was evaluated in terms of indentation and sliding
contact responses using Vickers hardness and scratch tests, respectively, the latter including frictional,
penetrating, and sliding performances under selected surface processing conditions. In general, the
nanosecond laser ablation proved to be beneficial for the mechanical integrity of coated cemented
carbides in most studied cases, as it increased surface hardness, reduced penetration depth, and hin-
dered damage during sliding. This was the case despite a slight increase in surface roughness, as well
as minor morphological and microstructural changes at the coating—substrate interface, discerned.

Keywords: cemented carbide; laser ablation; coating; surface integrity; hardness; scratch; friction; wear

1. Introduction

Cemented carbides (also referred to as hardmetals) are a group of ceramic-metal
composite materials consisting of hard carbides of transition metals (e.g., WC, TiC, TaC,
with a grain size usually <5 pm) embedded by a metallic binder (e.g., Co, Ni) [1-4].
This ceramic—metal nature provides the opportunity to achieve desired combinations of
hardness, wear resistance, and toughness through microstructural arrangements of grain
size and binder content. In general, as grain size or binder content increases, toughness
increases, while hardness and wear resistance decrease.

As a newly developing technique for precision machining, ablation using short/ultra-
short pulse lasers is receiving more and more attention, and its application is emerging
in various fields, including manufacturing, biology, and medicine, among others [5-9]. It
is a process of removing atoms from a solid by irradiating it with a pulsed laser beam.
When processing hard materials, especially when shaping tool materials or processing their
surfaces, the laser stands out from other non-conventional processing methods because
of its precision, speed, and cleanliness attributes [10-13]. During laser processing, the
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energy beam is usually focused on the target materials. As the diameter of the laser spot
can be as small as several microns, extremely high energy intensity can then be attained
at the focus point. Such a tiny ‘cutting point” effectively ensures excellent precision and
efficiency. Benefiting from the extremely short reaction time of the nanosecond laser pulse
with the material (<107° s) [14,15], the ablation is only slight. Macroscopically, the material
is then removed rapidly by a large multitude of laser pulses applied in a very short time.
Compared to some common non-abrasive processing methods for hard materials such as
electrical discharging machining (e.g., Ref. [16]), the thermal reaction can be effectively
reduced by the pulse laser. As a result, possible side effects associated with the thermal
reaction, such as melting or material redeposition, can be reduced on the machined surfaces,
e.g., Ref. [17].

Meanwhile, the deposition of ceramic thin films is a common surface treatment imple-
mented on hard substrates to improve the mechanical properties of cutting tools, especially
hardness and wear resistance [18-22]. Hence, it is of practical interest to investigate the
synergic effects of laser ablation and coating deposition with respect to the surface and me-
chanical integrity. This is indeed the main goal of the investigation presented here. It was
conducted on two different cemented carbides, which were first processed by a nanosecond
laser at two different energy levels and subsequently coated with a ceramic film. The
surface and mechanical integrity were assessed by combining advanced characterization
techniques, including focused ion beam milling (FIB) and scanning electron microscopy
(SEM) inspection, as well as Vickers hardness and micro-scratch testing. The impact of
laser ablation for selected coated processing conditions was evaluated, documented, and
critically analyzed.

2. Experimental Aspects
2.1. Materials Studied

Two experimental cemented carbide grades, supplied by Hyperion Materials & Tech-
nologies, were studied: A (WC-10%wt Co) and B (WC-15%wt Co). Samples were pro-
duced by pressing and liquid phase sintering (sinter-HIP process) following conventional
industrial-like processing stages. They did not show any undesirable phases (graphite
or eta phase) after being consolidated. The nominal values of the microstructural and
mechanical characteristics of the studied materials are listed in Table 1. They both exhib-
ited carbide grains of similar length scale, as inferred from the mean carbide size values
measured on SEM micrographs by using the linear intercept method [23]. Hardness was
determined using a Vickers diamond pyramidal indenter and applying a load of 294 N.
Fracture toughness was determined by testing to failure single-edge pre-cracked notch
beam specimens [24].

Table 1. Nominal values of microstructural characteristics and basic mechanical properties of the
studied cemented carbide grades (date from [23,24]).

Grade Mean Carbide Grain Size (um) Co (wt%) HV (GPa) Kic (MPa,/m)
A 2.33 £1.38 10 114+ 0.2 158+ 0.3
B 1.70 4+ 1.08 15 10.2 £0.1 170+ 0.2

The working surfaces of the cemented carbide samples had a dimension of 15 mm x 15mm,
and they were polished to a level, R,, of around 0.03-0.04 pm before the laser ablation.
The polishing program included four steps: rough-grinding, fine-grinding, polishing, and
fine-polishing. The machine ATM Saphir 520 (ATM Qness GmbH, Mammelzen, Germany)
and four different grinding and polishing disks, i.e., Cameo Disk (Lam Plan, Gaillard,
France), MD-Allegro (Struers, Willich, Germany), MD-Dac (Struers, Willich, Germany),
and MD-Nap (Struers, Willich, Germany), were used. The abrasive sizes of the polishing
suspension used were 6 um, 3 pm, and 1 pm, respectively. The normal force used in each
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step was 35N, 30 N, 30 N, and 25 N, respectively, and the working time of each step was
7 min, 5 min, 15 min, and 3 min, respectively.

2.2. Surface Treatment: Laser Ablation and Coating

A Nd: YLF nanosecond laser was implemented to induce ablation on the target
cemented carbide surfaces. The source emitted a laser beam with a pulse duration of 5 ns,
wavelength of 349 nm, and frequency of 1000 Hz. Due to their different thermal properties,
the two constituents of WC-Co cemented carbides may be ablated in different ways. On the
one hand, binders can be selectively removed by the laser beam with a fluence of around
2.5 ]/cm?. On the other hand, both binder and carbide grains may be simultaneously
removed by the laser beam at a fluence level higher than 10 J/ cm? [13,25-27]. Accordingly,
two different pulse energies, i.e., 10.3 pJ and 58 pJ, were chosen in this study, corresponding
t0 2.9 ]/cm? and 16.6 J/cm?, respectively.

During ablation, the laser beam scanned the target surface in a line-by-line mode.
Multiple scan repetitions, 18 and 5—corresponding to the two laser energy levels, were
applied to remove a material volume with a thickness of 10 um. Subsequently, these
surfaces were coated using an industrial physical vapor deposition (PVD) installation
(CC800/9 HiPIMS, CemeCon AG, Wiirselen, Germany). The coating layer is an AITiN
composite with a thickness of 4 um, and it has a nominal hardness of 37 GPa (HV). It
can be used for machining steel and difficult-to-machine materials such as Inconel and
titanium, and it can also be used in dry machining due to its high Al content [28,29]. The
laser ablation conditions and coating operations, as well as the nomenclature used in the
work, are given in Table 2. The surfaces without laser processing were also studied as
reference conditions.

Table 2. Investigated surface processing conditions.

Condition Machining Operation
C PVD-Coating (reference condition)
LL+C Nanosecond Laser ablation with low energy + PVD-Coating
LH+C Nanosecond Laser ablation with high energy + PVD-Coating

2.3. Surface and Mechanical Integrity Assessment: Surface Roughness Measurement, SEM-FIB
Inspection, Vickers Hardness, and Scratch Tests

Surface integrity was assessed to evaluate topographical, morphological, and mi-
crostructural changes. Two surface roughness parameters (R, and R,) were determined
using a surface texture instrument, the Mahrsurf XR20 (Mahr GmbH, Géttingen, Germany).
Morphological and microstructural changes, including induced damage, were inspected
using a Zeiss Neon40 scanning electron microscope (SEM, Carl Zeiss AG, Jena, Germany),
combined with focused ion beam (FIB) milling. Meanwhile, mechanical integrity was
evaluated in terms of indentation and sliding contact responses, using Vickers hardness
and scratch tests, respectively. The former was assessed using a micro indentation testing
unit (EMCO TEST DuraScan 20, Emco-Test, Kuchl, Austria), a Vickers diamond tip, and
applying two different normal loads, i.e., 0.3 kgf (2.94 N) and 3 kgf (29.4 N). Average values
were obtained from three tests conducted on each surface. Scratch tests were conducted
using a Rockwell diamond indenter of 200 pm radius (Revetest, CSM Instruments, Need-
ham Heights, MA, USA). The tests were carried out by incremental loading, from 0 N to
100 N, using a constant loading rate of 10 N/min and over a scratch length of 5 mm. The
resulting scratch tracks were finally examined using the SEM-FIB to determine critical loads,
document wear scenarios, and/or discern morphological changes. Additionally, reference
comparative tests over a scratch length of 2 mm, corresponding to a more pronounced
increase in load per unit distance, were also conducted in the A (WC-10%,Co) grade.
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B(WC-15%wtCo) A(WC-10%wtCo)

3. Results and Discussion
3.1. Surface Integrity Assessment
3.1.1. Topographical Changes: Surface Roughness Analysis

The obtained arithmetic average and mean roughness values, R, and Ry, are listed in
Table 3. The laser beams yielded surface roughness values about one order of magnitude
higher than for the reference condition. Considering these values are similar to those
commonly achieved on ground cemented carbides (e.g., Ref. [30]), it can be stated that
surface roughness induced by laser ablation in cemented carbides is acceptable. Such
a roughening effect was slightly more pronounced when both cemented carbides were
ablated with high laser energy.

Table 3. Surface roughness resulting from the different processing conditions for the two cemented
carbides under consideration.

Samole A (WC-10%Co) B (WC-15%Co)
P C LL+C LH+C C LL+C LH+C

R, (um) 0.03 0.41 0.68 0.04 0.48 0.56

R, (im) 0.28 2.70 3.85 0.42 3.36 3.83

3.1.2. Morphological and Microstructural Changes: SEM-FIB Inspection

Morphological and microstructural changes were characterized using SEM-FIB [31].
In the non-lasered cases (Figure 1a,d), microstructural assemblages of the cemented carbide
substrates were discerned, indicating a neat growth of the coating over them. Film mor-
phology on the lasered substrates exhibited bubble-like features of different sizes, as shown
in Figure 1b,c,e f. These features were found on all the laser-ablated surfaces, and they were
more pronounced on those surfaces processed with high laser energy. Meanwhile, such
features appeared to be less representative in grade B than in grade A, indicating hindered
formation with increasing binder content.

LL+C

X

Figure 1. SEM micrographs showing surface morphology of the two cemented carbide grades
processed by: (a,d) coating deposition only, (b,e) laser ablation with low energy followed by coating,
and (c,f) laser ablation with high energy followed by coating.
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Cross-sectional inspection was carried out by means of FIB milling to characterize
microstructural and coating—substrate interface features (Figure 2). It is evidenced that the
ceramic layers grew with high parallelism on the polished (reference) surfaces (Figure 2a,d).
Meanwhile, on the laser-ablated surfaces, the coatings developed on the substrate profile,
and thus inherited the corresponding surface topographical features.

LL+C | e
(C)f:: Ea i S .r-i__ : .
&

L
= B
gt
oty
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-

1|_|_J_|m 1.&.’_.

5

Figure 2. SEM-FIB micrographs showing coating—substrate interface for the two cemented carbide
grades processed by: (a,d) coating deposition only, (b,e) laser ablation with low energy followed by
coating, and (c,f) laser ablation with high energy followed by coating.

Detailed information about microstructural changes induced by laser near the coating—
substrate interface is given in Figure 3. Different from the scenario found in the reference
conditions (Figure 3a,d), it may be discerned that some damage was induced by laser
ablation, including transgranular cracks running both perpendicular and parallel to the
interface, as well as resolidification-like heterogeneities (e.g., Figure 3b,c,e,f). However,
these changes were mostly localized within the substrate subsurface, at a very shallow
depth (less than 1 um). In this regard, the metallic binder was found to be more susceptible
to laser ablation than the carbide grains, and thus excessive ablation of the binder left some
pocket-like structures on the surface (Figure 3e). These areas have minuscule depths, and
they could be partly responsible for the increased surface roughness obtained in these cases.
The affected layers were thicker on the surface processed with high laser energy, promoting
more resolidification of molten material (Figure 3e,f).
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LL+C LH+C

B(WC-15%wtCo) A(WC-10%wtCo)

500 nm

——

Figure 3. Details of local microstructural characterization at the marked positions in Figure 2. An
explanation of specific features highlighted in (a—f) is given in the text.

3.2. Mechanical Integrity Assessment
3.2.1. Indentation Contact Response: Vickers Hardness

The results of the Vickers hardness tests are compared in Figure 4. Coating deposition
improved surface hardness for both cemented carbide grades, as compared to the bulk ones.
Moreover, laser-processed and coated surfaces were hardened more than those exclusively
coated. However, measured hardness values for both grades varied, depending on the
applied load. In general, and as expected, the measured microhardness (HV0.3) values
were greater than the macrohardness (HV3) ones.

A —m—HV0.3 B —m—HV0.3
50001 —A—HV3 5000 —A—HV3
40001 4000
> >
T 3000- v \\i £ 3000
20001 .4 — — 20001 lﬁ/£:>§
Vi e 4D 147318 WO R S S — 1020
0 T T T O T T T
c C+LL  C+LH c C+LL  C+LH

(a) (b)

Figure 4. Comparison of the Vickers hardness for the two cemented carbide grades studied, as a
function of surface modification condition: (a) A (WC-10%wtCo) and (b) B (WC-15%tCo), with
nominal values indicated by the dotted lines.
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Although the microhardness (HV0.3) values were expected to involve the intrinsic
and higher load-bearing capability of the deposited coatings, the interface conditions could
have an impact on the obtained results. In this regard, it is observed that the discrepancy
between HV0.3 and HV3 values was more pronounced on the surfaces processed with low
laser energy, as compared to those processed with high energy. This could be taken as an
indicator that better surface finishing was achieved by the low-energy laser beam. Under
the same surface finishing conditions, the difference in the measured hardness using the
two applied loads, HV0.3 and HV3, should be the same on the same cemented carbide
grade. On the contrary, the change in the measured hardness differences induced by the
applied loads could indicate different surface finishing conditions. A ‘bad’ surface finishing
may result in rough and fragile surface conditions weakening the HV0.3 measurement more
than the HV3 measurement under the normal load, HV0.3. Based on the idea, the more
pronounced discrepancy could indicate a better surface finish using low laser energy. On
the one hand, this led to moderate ablation, as it was able to remove the binder exclusively,
but not the surrounding carbide grains. Such slightly unbalanced ablation between binder
and carbides resulted in a localized agglomeration of ceramic particles on the surface,
and accordingly an increase in surface hardness [26,32]. On the other hand, both binder
and grains were simultaneously ablated by the high-energy beam; thus, the high-energy
beam could induce more pronounced material removal that may have resulted in a more
‘damaged’ interface. A more ‘damaged’ interface turned out to be less effective for carrying
the imposed load during indentation. As a result, selective laser ablation of the binder with
moderate energy may be pointed out, regarding surface integrity and enhanced hardness
in the laser-coating system, as the most suitable option of the ones studied. From this
perspective, hardening was found to be enhanced in grade A, as compared to grade B,
as a lower binder content was more beneficial for the formation of contiguous carbide
agglomerates. The macroscale (HV3) hardness for both grades increased as the laser
energy was increased. In these cases, the hardness values obtained were closer to the ones
exhibited by the substrates, indicating that the indenter was now able to penetrate the
coating layers; thus, the interface condition was less relevant for defining the resistance
of the material against permanent deformation. Residual stresses, which can influence
mechanical properties, might have been induced by thermal diffusion during laser ablation,
and such influence may become more important as the laser energy increases [33]. However,
the assessment of residual stress effects was outside the scope of this work.

3.2.2. Sliding Contact Response: Scratch Testing

Taking into account the results attained, reported, and analyzed in the previous section,
further investigation was limited to surface conditions involving ablation using low-laser
energy exclusively. Accordingly, scratch tests were only conducted on surfaces processed
by low-energy laser ablation and coating, i.e., LL + C, as well as the corresponding reference
conditions, i.e., C (Table 2).

Frictional Performance: Coefficient of Friction

Friction is the force resisting the relative motion of two surfaces sliding against each
other. Surface conditions may be effectively compared by evaluating frictional performance:
the ratio between the normal force, Fy,, and frictional (tangential) force, F;, is defined as the
coefficient of friction [34-36]. A low value of the coefficient of friction indicates a smooth
sliding between the two contact surfaces. In this study, coefficient of friction (COF) values
were obtained within the range of stable sliding, i.e., between 1 mm and 4 mm of the sliding
distance. There, all the studied samples exhibited very similar average COF values, ranging
from 0.056 to 0.063, and laser ablation did not induce any important impact on the frictional
performance of the coatings during the scratch tests. The average COF values obtained
during the scratch tests are given in Table 4.
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Table 4. Average values of COF were determined during scratch testing for the two cemented carbides
and surface modification conditions studied.

Sample COF o Sample COF o

C 0.057  0.003 . C 0.059  0.003
LL+C 0056 0005 BWCEI%wCo) 1y 0063 0.005

A (WC-10%ytCo)

Indentation and Sliding Contact Performance: Penetration Depths (P4) and Critical Loads (L)

Penetration depth was measured at three specific positions within the scratch tracks,
corresponding to sliding distances of 1.25 mm, 2.50 mm, and 3.75 mm, and normal load
values of 25 N, 50 N, and 75 N, respectively (Figure 5). The average values were calculated
from experimental findings gathered in duplicated tests conducted under the same con-
ditions. Independent of the microstructural assemblage of the two studied grades, less
penetration occurred on the laser-ablated and coated surfaces, as compared to the reference
ones. It allows us to point out that the indentation performance of the coated cemented
carbides is effectively reinforced by the laser ablation of the substrate. Nevertheless, it
should be highlighted that the penetration difference between the lasered and non-lasered
conditions varied on the two grades, an experimental fact that could be affected by the
synergistic effect of different factors such as hardness, carbide size, binder content, and
binder mean free path, among others.

A -5mm B C B-5mm N C

LL+C LL+C
0
50

(a) (b)

Figure 5. Average penetration depths (Py) at specific positions within the scratch tracks for (a) A
(WC-10%wtCo) and (b) B (WC-15%Co), processed under different conditions.

The sliding contact resistance of the laser-coated cemented carbide grades was assessed
by determining, through SEM inspection, the critical loads for the emergence of specific
damage events. In this regard, three standardized critical loads are defined in a scratch test,
namely, L1, Lo, and L3, as follows [37]:

e  First critical load, L.;: linked to the initiation of forward chevron cracks within the
scratch track;

e  Second critical load, L,: associated with the first failure event involving local or gross
interfacial spallation; and

e  Third critical load, L.3: defined by the first point where the substrate is visible along
the center of the scratch track in a crescent that goes completely through the track,
with gross interfacial spallation.

The positions of the critical loads on the scratch tracks (5 mm) were inspected by
SEM and are accordingly marked in Figures 6 and 7. Their values are also summarized
in Table 5. Several observations may be highlighted. First, none of the conditions studied
exhibited any forward chevron cracks within the scratch track; thus, the L. could not be
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determined in any case. Second, local and gross interfacial spallation, both at the border
and within a scratch track, were specific failure events identified for the non-laser-processed
surface (C) for both grades, as well as for the laser-ablated one (LL + C) involving grade
B. In these cases, the critical loads were higher for the reference A grade condition, as
compared to that for the B grade condition. However, the laser-ablated condition (LL + C)
for the latter exhibited higher values of L., and L than the just coated one. Finally,
the laser ablated condition (LL + C) involving grade A showed the best sliding contact
response, as no damage or failure event was discerned for this condition within the scratch
track. In general, these experimental findings allow us to state that laser ablation led to
reinforced sliding contact resistance, this being more pronounced for the grade with lower
binder content.

LC3

C

LL+C

N
&)
3
3

Lo Lcs

Figure 6. SEM images of the 5 mm scratch tracks for grade A (WC-10%tCo) were processed with
two different surface modification conditions, indicating positions associated with the emergence of
specific failure events, and thus critical loads. Details of the discerned damage features are shown in
high-magnification images. Scratch direction from left to right.

Le Lcs

Figure 7. Cont.
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LL+C

Figure 7. SEM images of scratch tracks for grade B (WC-15%Co) were processed with two different
surface modification conditions, indicating positions associated with the emergence of specific
failure events, and thus critical loads. Details of the discerned damage features are shown in high-
magnification images. Scratch direction from left to right.

Table 5. Values of critical loads determined on the selected scratch tracks (5 mm).

Sample Lcg (mm) F(N)atLe; Ly (mm) F(N)atLc, Leg(mm)  F(N)atLes

A C - - 2.0 405 49 99.1
LL+C - - - - - -

5 C - - 1.3 25.8 47 945
LL+C - - 1.9 385 3.9 78.6

Reference Case Study (Large Increase in Load per Unit Distance)

A reference case study was conducted on the lasered and coated grade A (WC-
10%wtCo) to document and analyze its indentation and sliding performances with a large
increase in load per unit distance, i.e., over a sliding distance of 2 mm. Similar to the
analysis done for the scratch test run over a length of 5 mm, penetration depths were
measured, and critical loads on the selected scratch tracks (2 mm for this case study) were
determined using SEM.

Average penetration depths were obtained at three specific sliding distances on the
scratch tracks, i.e., 0.5 mm, 1.0 mm, and 1.5 mm, corresponding to normal loads of 25 N,
50N, and 75 N, respectively (Figure 8). As for the 5 mm tests, it was found that penetrations
were deeper in the scratch tracks for the reference conditions than for the laser-ablated ones.
The positions of critical loads on the selected scratch tracks (2 mm) are marked in Figure 9.
The positions and values of the critical loads are also summarized in Table 6. The scenarios
observed were very similar to those found in previous scratch tests. The laser-ablated grade
A did not show any obvious damage on the surface, and thus, no critical loads could be
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determined. Both scratch tests (5 mm and 2 mm) attest that the indentation and sliding
performances of the coatings on grade A were reinforced by laser ablation.

A-2mm HlcC
B LLC

0.5mm Tmm 1.5mm

Figure 8. Average penetration depths (P4) at specific positions within the scratch tracks for A
(WC-10%wCo), processed under different conditions.

LCz

mm

Lcs

20 ym
——

20 uym
——

Figure 9. SEM images of the 2mm scratch tracks for grade A (WC-10%wCo) were processed with
two different surface modification conditions, indicating positions associated with the emergence of
specific failure events, and thus critical loads. Details of the discerned damage features are shown in
high-magnification images. Scratch direction from left to right.

Table 6. Values of critical loads determined on the selected scratch tracks (2 mm).

Sample Lcg (mm) F(N)atLey Lep(mm) F(N)atLe; Leg(mm)  F(N)atLes

C 1.4 71.8 1.6 81.1 2.0 982
LL+C - - - - - -

A
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Characteristic Wear Scenarios

Based on the inspection of the scratch tracks, characteristic wear scenarios were studied
in the following cases, namely:

Case 0: Wear on the coated grades A (WC-10%Co) and B (WC-15%+Co), without laser
processing: A + Cand B + C;

Case 1: Wear on the coated grades A (WC-10%wCo), exclusively processed with low laser
energy: A+ LL +C;

Case 2: Wear on the coated grades B (WC-15%+Co), exclusively processed with low laser
energy: B+ LL +C;

Case 0: A+Cand B+ C.

For both coated grades A and B, only minor damage, such as spallation along the
track edge and subsequent substrate exposure, was found. The first damage appeared at
the positions of 2.0 mm and 1.3 mm on grades A and B, respectively. Meanwhile, the first
substrate exposure was discerned at a very late stage, close to the end of the track, i.e.,
at the positions of 4.9 mm and 4.7 um in grades A and B, respectively (Figures 6 and 7).
The locations where the first substrate exposure was identified, in grades A and B, were
examined in detail (Figure 10):

(1) At the center of the scratch track of the coated grade A, cracking of the coating layer
was observed (Figure 10a).

(2) Atasimilar position on the coated grade B, exposed WC grains and adhered part of
the broken coating layer were evidenced (Figure 10b).

(b)

Figure 10. Damage and failure events were identified: (a) cracking due to the crushing on the coated

grade A, and (b) substrate exposure and adhesion on the coated grade B.

Casel: A+LL+C

Laser ablation not only delayed damage emergence, but also reduced its frequency on
the coated grade A during the scratch tests. The coatings were, in general, able to resist
the sliding movement without having any noticeable damage, like spallation or substrate
exposure. Tiny changes were found in the scratch tracks due to pressing and sliding of the
indenter. For instance, at the track end for the (A + LL + C) sample, the coating material
was stacked in front of the indenter (Figure 11a).

Case2: B+LL+C

Regarding grade B, some mild damage, such as stacking and cleavage of the layers
either on the border or in the center of scratch tracks, together with more severe substrate
damage, was found. Near the location where the first substrate exposure was discerned in
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the track (B + LL + C), the coating was completely stripped. Furthermore, the substrate
was not only exposed but also damaged. As a result, WC grains were loosened and cracks
nucleated (Figure 11b).

(a) (b)

Figure 11. Damage and failure events identified: (a) stacking of the coating on grade A, and
(b) complete removal of coating and substrate exposure on the laser-ablated and coated grade B.

3.2.3. Comprehensive Evaluation of the Mechanical Integrity

Based on the results of the aforementioned measurements and characterization, a
comprehensive evaluation of the mechanical integrity of the laser-ablated and coated
cemented carbides was attempted. It was performed by comparing several key technical
indicators, i.e., Vickers hardness (HV0.3, HV3), coefficient of friction (COF), penetration
depth (P4), and critical load (L., and L3). Three scales, namely excellent (E), good (G), and
moderate (M), were defined, and the results are given in Table 7. Based on the assessment
conducted, it is found that:

(1) Cemented carbide with low binder content, i.e., A (WC-10%Co) grade, generally
performed better than the one with a high amount of metallic phase, i.e., B (WC-
15%wtCo) grade.

(2) Laser ablation in most cases improved the performance of the coated cemented
carbides in terms of their indentation and sliding contact responses.

(3) Laser ablation is commonly more beneficial to reinforce the mechanical properties of
the low binder content grade, i.e., A (WC-10%tCo), as compared to the other one
studied, i.e., B (WC-15%y,Co).

Table 7. Comprehensive evaluation within each coated cemented carbide grade *.

Indenting Response Sliding Response (5 mm)
Sampl
ample HV0.3 HV3 COF PN lo@mm) Lo mm) Results
A C M (1532.0) M (1463.0) E (0.057) M (23.25) G (2.03) G (4.95) 1E2G3M
LL+C E(32494) E(17022)  E(0.056) G (17.4) E() E() 5E1GOM
B C M (1533.6) M (1308.0) G (0.059) G (18.65) M (1.29) G (4.73) OE3G3M
LL+C G (2073.6) G (1533.8) M (0.063) E (12.60) G (1.93) M (3.93) 1E3G2M

* Explanation of the evaluating indicators: E: excellent, G: good, M: moderate. Vickers hardness (HV0.3, HV3): the
higher the value is, the better the performance is. Coefficient of friction (COF): the smaller the value is, the better
the performance is. Penetration depth (Pq): evaluation was made according to the measured values at the normal
load of 50 N, corresponding to the middle point of the scratch track, 2.5 mm, respectively. The smaller the value is,
the better the performance is. Critical load (L, and L3): the higher the value is, the better the performance is.
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4. Conclusions

In this work, the surface and mechanical integrity of two laser-processed and subse-
quently coated cemented carbides were evaluated using different characterization methods
and approaches. Surface processing conditions varied with two different laser energy levels.
From the results attained, the following conclusions may be drawn:

e  Laser ablation affects the surface integrity of cemented carbides, as it induces changes
in the roughness, morphology, and microstructure of the substrate. However, these
changes were rather minor, although they became slightly more important with
increased laser energy.

e Laser ablation promoted surface hardening on both coated grades, and the relative
increase tended to be proportional to the applied laser energy. Although the micro-
and macrohardness data followed similar trends, relative differences between their
values were discerned, these being more pronounced on the surfaces machined by low
laser energy.

e The investigation just conducted on the grades processed with low laser energy
allowed us to conclude laser ablation enhances both indentation and sliding contact
responses. It was discerned from the findings of reduced penetration depth and higher
critical load values for the emergence of specific damage/failure events, as compared
to the behavior determined for the reference surface conditions. Within this context,
the improvement in sliding resistance was more pronounced on the grade with lower
binder content studied, i.e., A (WC-10%wtCo). Meanwhile, laser ablation had no
significant influence on the frictional performance, as all the coated grades exhibited
very similar COF values.
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