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Abstract: TIAICrSiN thin films were deposited on K20 WC—Co substrates using the co-sputtering
method. The silicon content in the deposited coatings were varied by modifying the number of
silicon pieces (1, 2, or 3) on the Cr target. The morphology, semi-quantitative chemical composition,
and microstructure were investigated using scanning electron microscopy (SEM), energy disperse
spectroscopy (EDS), and X-ray diffraction (XRD), respectively. Modified ASTM B611 abrasive wear
and nano-hardness tests were used to evaluate the tribological and mechanical properties of the
different coatings, respectively. The results showed that the addition of Si promotes an increased
hardness and elastic modulus. Also, mass loss in wear tests decreased as Si increased, due to the
growth in hardness related to the microstructural refinement produced by the blocking of sliding
bands by the grain boundaries.
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1. Introduction

Cemented tungsten carbide is widely known for its exceptional hardness and tough-
ness, which make it suitable for cutting operations where extensive stress is generated.
This material has been widely used in the hard metal industry for the manufacturing
of cutting tools, drilling bits, mining, and highly wear-resistant parts. Despite that, this
behaviour does not suffice for wear associated with diffusive phenomena, chemical chip
reactions, or oxidation [1,2]. For this reason, the use of coatings arises as a good alternative
for improving tool performance. The coating material in contact with the chip must be
chemically stable at the temperatures generated during cutting and must, of course, be re-
sistant to oxidation so that it adheres strongly to the carbide substrate. After meeting these
three minimum requirements, the coating acts as a barrier against diffusive phenomena
(the elements that constitute the tool or environmental oxygen), which lead to a drastic
reduction in cutting-edge wear.

Hard coatings were developed mainly for cutting-tool applications where high stress,
wear, and chemical corrosion are inherent. Nanostructured coatings exhibit attractive
properties such as better wear resistance and high-temperature stability, which are ideal
for subtractive applications. Some traditional hard ceramics, such as nitrides, carbides,
borides, and oxides (TiAIN, TiC, TiB;, and TiO,, respectively), cannot retain their properties
under heavy cutting conditions [3]. Therefore, compound materials such as TiIAIN, AICrN,
and TiCN, have recently been tested as coating materials for cutting tools [4].

Ternary nitride coatings, such as AITiN and AICrN, are widely used in metal cutting
operations at the industrial level, mainly due to their high oxidation resistance (up to
800 °C [5] and 900 °C [6], respectively). In both cases, aluminium and chromium oxide

Lubricants 2021, 9, 64. https:/ /doi.org/10.3390/lubricants9060064

https:/ /www.mdpi.com/journal/lubricants


https://www.mdpi.com/journal/lubricants
https://www.mdpi.com
https://doi.org/10.3390/lubricants9060064
https://doi.org/10.3390/lubricants9060064
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/lubricants9060064
https://www.mdpi.com/journal/lubricants
https://www.mdpi.com/article/10.3390/lubricants9060064?type=check_update&version=1

Lubricants 2021, 9, 64

20f 10

films are expected to be thermal barriers and lubricating layers that improve cutting
performance. Nevertheless, combined tribological phenomena such as stress, interface
temperature, chemical reactivity, and rapid tool wear lead to a short operating tool life. This
poses a continuing challenge for maintaining cutting tool integrity, and several laboratory
investigations aimed at understanding the physicochemical mechanisms have been carried
out [7]. As a result of the numerous tribological tests trying to reproduce the metal cutting
conditions, conclusions suggest that there is a combination of chemical, abrasive, and
adhesive mechanisms that constitutes the principal source of accelerated wear [8,9].

The search for better materials that function well in extreme conditions with an
extended operating life, has led to the incorporation of silicon into these ternary systems
and has shown promising results in drilling and cutting operations, where good oxidation
resistance and mechanical performance are required [10-16]. Consequently, coatings with
a quaternary system (e.g., AITiSiN and AICrSiN) show improved mechanical properties
either due to crystallite size refinement or the formation of high-compression residual
stresses. Thus, wear resistance improved because of the above-mentioned mechanisms and
the formation of stable oxide layers [5,6].

Superior mechanical properties were achieved by forming a nanocrystalline phase
(e.g., TiN) embedded in an amorphous phase, SisNy, according to Veprek et al. [17]. Even
though this theory is widely accepted and has been promulgated for many years, there
is no agreement on whether the phenomenon related to improved hardness is due to
the nanocomposite microstructure or high-compression residual stresses generated by an
energetic ion bombardment during deposition [16].

Wear resistance is associated with hardness and stress levels, but it is essential to
maintain a balance between high values for those properties and avoiding loss of tough-
ness. Hence, thermal stability and resistance to oxidation are essential. Improving wear
resistance, especially at high temperatures [18-22] can be achieved by adding alloying
elements such as Al, Cr, C, V, Y, and Zr to coatings of the quaternary order or even higher.

In the present study, a sputtered TiAICrSiN coating was deposited on WC6Co (a
tungsten—carbide substrate) with silicon content varying from 1.4 at% to 7.1 at%. The main
purpose was to investigate the influence of the incorporation of silicon on its microstructural
and mechanical properties and its relationship with the wear behaviour using the ASTM B
611 modified standard under low conditions.

2. Materials and Methods
2.1. Substrate Preparation

TiAICrN coatings with differing silicon content were deposited on K20 hard metal sub-
strates, employing the co-sputtering technique. The material selected as the substrate was
a submicron hard metal grade containing 6 wt.% Co (HV30: 1650, density: 14,800 Kg/m?).
Test specimens were prepared as plates 4 mm high by 13 mm wide. The samples were
polished down to 1 pm diamond paste and ultrasonically cleaned in ethanol before coating.

2.2. Coating Deposition

The sputtering was conducted with 270 W pulsed-DC power applied to a TiAl target
and RF power ranging between 70 and 170 W applied to a metallic Cr target. Both targets
were 101.6 mm diameter and 99.99% pure. The substrate-to-target separation was fixed
at 10 cm, with a confocal angle of 60°. During sputtering, the flow rates of argon and
nitrogen were 4 and 14 sccm, respectively. The base pressure was 1.08 x 1073 Pa, and
the substrate temperature was fixed at 200 °C. The working pressure was kept constant
at 0.4 Pa. After 50-min of sputtering, the films were cooled down to room temperature.
In the deposition tests, silicon pieces (1, 2, or 3) were positioned equidistantly on the Cr
target. The deposition time was fixed at 90 min to obtain coatings with a thickness of
approximately 1000 nm as measured by an optical interferometer/microscope (Bruker
ContourGT-K).
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2.3. Coating Characterization

The microstructure of the as-deposited samples and the wear test samples was ex-
amined using a PHENOM pro X scanning electron microscope (SEM) equipped with
energy-dispersive spectroscopy (EDS) analysis. Phase identification was carried out via
X-ray diffraction (XRD) with a PANalytical X’pert pro with Ni-filtered Cu Ko radiation
operating at 40 kV and 40 mA using parallel beam glancing incidence geometry. In this
configuration, diffraction occurs at a small, constant penetration depth since a constant
incident angle is used (in our case, w = 3°). The scanning range varied from 20° to 90°,
with a step size of 0.02° and a time per step of 1 s. The crystallite size contributions
were calculated using Williamson-Hall methodology with the additive Cauchy (Lorentz)
equation to fit broadening diffraction peaks.

2.4. Mechanical Characterization

The nanoindentation tests were performed using a Hysitron TI 750 UBI. For the
hardness test, a Berkovich diamond tip with a radius of 200 nm was used by applying a
charge of a 600 uN load and 10 s load time with 2 s pause. The procedure was carried out
under ambient conditions with a relative humidity of 56% and average temperature of
18.5 °C. For each sample, nine tests were applied to all samples to measure the hardness
(H) and reduced modulus (Er), with a minimum distance of 30 um between indentations.
To separate the contributions of the substrate properties in the film measurements, the
indentation depth was below 10% of film thickness. Raw hardness and modulus data were
achieved from load vs. displacement curves using the method proposed by Oliver and
Pharr [1]. Indentation locations were manually selected to avoid the presence of droplets.
After testing, all load vs. displacement curves were revised by removing non-valid data.

2.5. Abrasive Wear Test

Volume and mass coating loss was determined using a modified ASTM B611 low-load
procedure; after several trial experiments, a 100 N force pushing the specimen and two
revolutions at 100 rpm was selected to analyse the coating’s wear behaviour and avoid
total coating elimination. The test was performed on one set of representative coating
samples, taking into account the maximum relative error of 0.08%. AISI 1020 steel was
used as the abrading wheel (with a nominal hardness of 85 HRB) with a 30-mesh solution
of alumina particles as an abrasive material. The tests were performed on 16 x 16 X 3 mm
samples each having a different silicon content. In accordance with the above-mentioned
ASTM standard, test specimens were rinsed with water to remove any grit and then dried.
Finally, the specimens were weighed three times on a Sartorius Practum ™ analytical
balance (precision of £0.001 g), and the average weight was taken as the starting weight
for calculating weight and volume loss.

3. Results and Discussion
3.1. Microstructure

Figure 1 shows the X-ray diffraction patterns for all the coatings. The most rele-
vant peaks and corresponding planes belong to the coatings; the others belong to the
WC—Co substrate.

In Figure 1a, the XRD patterns are shown The diffraction peaks observed at 26 values
of 37.5°,43.9°, and 78.04° correspond to the (111), (200), and (222) planes of TiAICrN with
different silicon content.

Taking the blue lines as a reference in Figure 1a, it is clear that the addition of silicon
caused a shift in the diffraction peaks of TIAICrN to smaller angles. This can be seen in
detail for plane (200), shown in Figure 1b, which diffracts at a 26angle at approximately
43.94° without any silicon content, but when 1 piece of silicon is added corresponding to
1.67 atomic%, it moves to 43.86°. For 2 pieces at 3.40% silicon, the displacement is at 43.79°,
and with the highest silicon content (7.12%), the peak is displaced to 43.64°.



Lubricants 2021, 9, 64

40f10

Intensity (a.u)

O
= S

o e 380
[x] :
o~ PN
~— 2
H =]
H TN
385i H :
o it :

18i

Intensity (a.u)

NI

30

51 PR N -

70 80 90 42 44 46 48 50
206 26
(a) (b)

Figure 1. General view of X-ray diffraction patterns of coatings under study (a) and detailed view near the (200) peak

showing displacement toward lower angles (b).

This shift indicates an increase in the lattice parameter, probably caused by the solid
solution of TiAlSiN, produced by the incorporation of large Ti atoms into the AISiN
structure [23]. This can be demonstrated by calculating the lattice parameters of the
4 coatings, as shown in Table 1.

Table 1. Lattice parameter of TiAICrN with different silicon contents, calculated from XRD results.

Sample Lattice Parameter (nm)
0 Si 0.4245
1Si 0.4262
2Si 0.4268
3Si 0.4269

These results, calculated from the results obtained from X-ray diffraction, demonstrate
the increase in the lattice parameter as the silicon content increases.

Another aspect worth highlighting in the XRD patterns of the coatings is the trend
for peaks to broaden with an increase in silicon content. This could be caused by grain
refinement [24,25], the presence of intrinsic solid residual stresses [26,27], or an increase
in the amorphous phase. Table 2 shows the crystallite size for coatings with different
Si content.

Table 2. Crystallite size of TIAICrSiN coatings calculated from XRD analysis.

Sample Crystallite Size (nm)
0 Si 59.1250
1Si 57.3746
2Si 49.0653
3Si 44.6400

The largest crystallite size is present in the TiAICrN coating without silicon. When
one piece of silicon was placed in a DC power source, the size was reduced by almost
3%, reaching 57.3746 nm. A reduction of 17% was calculated using two pieces of silicon
compared with the coating in the absence of silicon. Finally, with three pieces of silicon,
corresponding to 7 at%, the decrease in crystallite size was 24.50%.
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3.2. Mechanical Properties

In general, the mechanical properties of a material should be evaluated simultaneously
by its hardness and the elastic modulus. Thus, the ratios of H/E and H?/E? reflect
the elastic strain to failure and plastic deformation resistance of a material, respectively.
The (H/E) and the (H?/E?) were calculated based on the hardness and elastic modulus
values. Experimental measurement of the elastic limit of deformation was carried out
using the H/E ratio, which was applied to the coated surfaces [28]. This relationship takes
into account the elastic deformation up to failure. Additionally, the H?/E? ratio, known
as the plastic resistance parameter, is associated with the coating’s resistance to plastic
flow [29]. Table 3 shows the mechanical properties of the coatings and the calculation of
the relationships between hardness and the elastic modulus. An increase in hardness with
the amount of Si in the coating can be seen; furthermore H/E and H3/E2 exhibit the same
variation trend as the hardness.

Table 3. Mechanical properties of coatings with different silicon contents and relationship between
elastic modulus and hardness.

Sample Hardness, H (GPA)  Elastic Modulus, E (GPa) H/E H3/E?
0Si 15.13 £ 1.72 284.46 + 2.53 0.0053 0.0428
1Si 16.11 + 3.67 306.01 + 36.68 0.0053 0.0446
2Si 18.57 +1.47 312.34 £+ 16.39 0.0059 0.0656
3Si 24.05 + 3.79 337.87 + 28.80 0.0071 0.1218

Both H/E and H?/E? ratios increased with the addition of silicon in the films deposited.
The H/E and H3/E? ratios show a relevant effect on the wear behaviour of the coatings;
thus, an increase in these values is correlated with superior wear resistance, associated
with higher plastic deformation resistance and fracture toughness [18]. Consequently,
it is essential to point out that a change in the mechanical properties of the coatings is
closely related to the microstructural changes that the material experienced when silicon
was incorporated into the crystal lattice. Thus, taking into account H, H/E, and H3/E?,
the TiAICrSiN coating should exhibit the strongest crack resistance; instead, the TIAICrN
coating may exhibit the poorest crack resistance.

3.3. Wear Behaviour

In Table 4, the wear test results of coatings regarding weight and volume loss are shown.

Table 4. Tests results of modified ASTM B611 wear tests.

Specimen Mass Specimen Mass Volume Loss
Sample Before Test (g) After the Test (g) Mass Loss (g) (mm?)
0Si 15.6869 15.6796 0.0073 1.34
15i 15.7430 15.7409 0.0021 0.33
2Si 15.7199 15.7189 0.0010 0.13
3Si 15.9056 15.9054 0.0002 0.02

There is a tendency for mass and volume loss with increasing silicon content. In
the TIAICrN coating, the weight loss is 1 mm?® greater than that for one silicon piece,
showing a notable effect of the addition of silicon. The decrease in volume loss was
constant as the silicon content increased and reached a maximum with three pieces of
silicon, corresponding to 7% atomic concentration. This was consistent with the maximum
solubility of silicon in an amorphous structure without a decrease in crystallinity [30].

The SEM images in Figure 2 show wear patterns on the substrate (red arrows) and
areas where the coating disappeared. No wear marks can be seen on the coating although
there are delaminated areas.
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Figure 2. Cont.
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Figure 2. SEM images of TiAICrN coatings: general view with different numbers of silicon pieces 0, 1, 2, 3 (a,c,e,g) and their

respective WC—Co substrate worn surfaces (b,d,f,h) after the abrasive wear test.

In general, the coatings experienced different stages during the wear tests. First, they
were subjected to cohesive failure (spalling) due to their high degree of
brittleness [31-34]. Afterward, the adhesive damage associated with detachment or failure
of the coating/substrate interface occurred. Eventually, the coating delaminated, and total
coating failure occurred. Consequently, the coatings under study exhibited adhesive wear
with interface pull-off and delaminated areas.

On the other hand, the marks observed on the substrate (images to the right of
Figure 2) suggested slight abrasive wear caused by the sliding contact with the alumina
particles on the WC—Co. This wear is characterized by the gradual removal of metallic
cobalt particles followed by microscopic fragmentation of the tungsten carbide grains [35].

Abrasive wear occurs when there was an interaction between a hard, rough surface
and a soft one in the presence of abrasive material; under the laboratory conditions used
in this investigation, alumina was used, which has a lower level of hardness than does
K20-quality tungsten carbide (1600 HV vs. 1780 HV); therefore, the wear rate was lower
when compared to harder abrasives such as SiC [36].

Finally, to study the wear of the coatings and the effect of silicon in more detail, the
delaminated area was calculated by image treatment obtained by optical microscopy. For
this, 54 images were taken at 100x magnification for each sample and analysed using
Image J® software. These images covered the entire area of the specimen, and the results
are shown in Table 5.

Table 5. Delaminate after wear test.

Sample Delaminated Area %
0Si 59.638
15i 58.017
2Si 56.970

3Si 54.617
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The behaviour of the delaminated areas shows greater wear resistance with increased
silicon content in the coatings, showing an 8.4% reduction in delaminated area in the coating
with 7.1 wt.% of silicon compared with the reference coating without silicon. These results
were consistent with the hardness measurements according to the following discussion.

It is well known that there is a close relationship between wear resistance, hardness,
and crystallite size. For this reason, these parameters were analysed to determine the
connection among them, as shown in Figure 3.
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Figure 3. Relationship between hardness, crystallite size, and wear of TiAICrN coatings with different
silicon content.

The behaviour of these three properties showed a clear relationship in how increase
in hardness with the addition of silicon led to a refinement of crystallite size due to the
microstructural phenomena discussed above. Furthermore, the wear results also showed
favourable trends: increasing hardness and decreasing crystallite size.

Similar results have been reported by various authors [28,37] who found a connection
among the coatings’ chemical composition, mechanical properties, and wear; furthermore,
D. Philippon et al. [37] affirmed that an increase in silicon content caused a significant
rise in hardness due to a refinement of the crystallite size. These microstructural changes
caused lower volume and weight loss in wear tests. This phenomenon may be associated
with some theories, as discussed below.

One of these theories is that hardness and the elastic modulus of the material are
related, and that they are dependent on the silicon content. That behaviour is because an
increase of this element produces hardening via the Hall-Petch effect and an increase in the
nanocomposite intergranular phases of the material, which produces improved mechanical
properties. Furthermore, it is well known that hard materials exhibit high resistance to
wear; in this sense, some authors suggested the importance of the elastic modulus (E) in
the wear resistance of materials [28]. Thus, wear is related to the elastic deformation limit,
characterized by the material’s ability to be deformed and recover without experiencing
permanent (plastic) deformation.

To summarize, the role of silicon in the wear resistance of coatings can be understood
from two points of view. First, the change in the microstructure (grain refinement) when
adding silicon caused an increase in mechanical properties; second, the possible formation
of an amorphous phase reduces the development of high-compression residual stresses,
which promotes superior performance [37].

4. Conclusions

Coatings deposited on K20 tungsten carbide exhibited a B1 NaCl cubic structure. In all
cases, the lattice parameter increased with the incorporation of silicon into the FCC crystal
structure. Also, the decrease in crystallite size was calculated and was congruent with
the increase in hardness and elastic modulus. The effect of the addition of silicon to the
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crystallite refinement is not clear; however, the theory concerning an increase in hardness
as a result of the microstructural refinement produced by the blocking of the sliding bands
by the grain boundaries becomes relevant.

The ASTM B611 standard was modified to determine the wear in coatings caused
by changes to the load, wheel speed, and revolutions. With these adaptations, the wear
parameter of the coatings was obtained, and the results showed a close relationship with
the mechanical properties. Thus, reductions in mass and volume were observed when
the silicon content increased in the TiAICrN coatings, which matched the increase in
hardness and elastic modulus. Moreover, the values of H/E and H3/E? exhibited the
same variation as H after silicon was added to the TiAICrN coating. Thus, the TiAICrSiN
coating should have exhibited the strongest crack resistance; instead, it exhibited the
poorest crack resistance. As a complement to these results, low delamination areas were
observed in the TiAICrSiN with high silicon content; meanwhile, TiAICrN exhibited the
worst delamination values.

The microstructural effects produced by the incorporation of silicon caused promising
and interesting behaviour in the wear of the coatings. The wear was of the adhesive type
with detachment of the interface and delamination.
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