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ARTICLE INFO ABSTRACT

Keywords: Chemical vapor deposition (CVD) is an efficient approach to prepare coatings on complex cutting tools.
CVD However, MoS, with self-lubrication ability and excellent tribological properties fabricated by CVD have been
MoS, rarely reported in literature. The aim of this study was to deposit pure MoS, coatings and yttrium (Y) doped

Composite coatings

MoS, (Y/MoS,) composite coatings on cemented carbide blades coated with titanium nitride by CVD. The
Solid lubrication

structural and mechanical properties of the coatings were examined by scanning electron microscopy (SEM) and
nanoindentation, respectively. The results demonstrated that the microstructure of Y/MoS, composite coatings
was denser than that of the pure MoS, coating. The hardness and the adhesional properties were significantly
enhanced for the Y/MoS, composite coatings. The tribological performance of the as-deposited coatings were
investigated under atmospheric environment. Y/MoS, compostite coatings demonstrated an enhanced tribolo-
gical performance with a stable and low coefficient of friction (COF) over the entire sliding time. In contrast, the
COF of pure MoS, coating dramatically increased to value above 0.3 after a sliding time of only 30 min.
Additionally, the Y/MoS, composite coatings showed a decreased wear rate (8.36 + 0.29 x 10~7 mm®/Nm)

compared to the pure MoS, coatings (3.41 * 0.48 x 10~ ° mm®/Nm) thus reflecting an improvement by two

order of magnitude.

1. Introduction

Cemented carbide blades coated with titanium nitride (TiN) are
widely used in metal processing [1-3]. Since the service life of TiN
coatings drastically decreases under severe conditions, such as dry
machining and elevated loads [2-6], it is imperative to develop efficient
strategies to enhance the wear resistance and the tribological proper-
ties. Thus, soft MoS, coatings with self-lubrication ability are deposited
on “harder” TiN coatings to reduce friction and to decrease the resulting
cutting forces as well as cutting temperatures during machining. Using
this approach, the service life of TiN coatings can be greatly improved
[1,7-111.

MoS, coatings are typically deposited using magnetron sputtering
[1,7-10], atomic layer deposition (ALD) [11], laser cladding [12],
among others. However, techniques based upon CVD may have certain
advantages compared to PVD-based approaches such as low cost and
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the ability to coat complex tools [13-18]. However, only a limited
number of studies have reported on the successful deposition of MoS,
coatings by CVD [19-21]. Although the fabrication of mono-layer MoS,
films by CVD has recently become hotspot due to their outstanding
electrical properties [22-27], experimental studies addressing the
friction and wear performance of CVD-deposited MoS, coatings have
not been reported yet.

Therefore, the aim of this study was to deposit pure MoS, coatings
and Y/MoS, composite coatings on cemented carbide blades by CVD
with the ultimate goal to enhance the tribological properties. In this
context, the microstructure and surface chemistry of the as-deposited
coatings were studied in detail. Subsequently, the tribological perfor-
mance of the fabricated coatings was investigated using a ball-on-disk
tribometer under atmospheric conditions.
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Fig. 2. XRD patterns of the substrate, the pure MoS, and the Y/MoS, coating.

2. Experimental details

Commercially available cemented carbide blades coated with TiN
(Zhuzhou, China) have been used as substrate materials. Commercial
sulphur (S), yttrium trichloride hexahydrate (YCl3-6H>O) and mo-
lybdenum trioxide (MoO3) powder were obtained from Aladdin. The
trichloride hexahydrate powder was dried to generate YCl; powder
prior to the experiments. As shown in Fig. 1, S, YCl3 and MoO3 were
used as precursors. After pumping the tube furnace to 1.6 Pa, the tube
was heated using a heating rate of 20 °C/min under a mixed argon/
hydrogen atmosphere (100:10, sccm). After temperature reaching 700
°C, the heating rate was reduced to 5 °C/min until reaching the final
temperature of 820 °C. In the meantime, S powder was heated to 130 °C
by a heating belt. Afterwards, Y/MoS, composite coatings were de-
posited at 820 °C for 2 h under a furnace pressure of 2 kPa. In order to
deposit pure MoS, coatings, the experimental conditions were kept
constant, but only S and MoO3; were used as precursors. The thickness
of the two kind of as-deposited coatings were similar and about 1.4 pm.

The microstructure of the as-deposited coatings surface was ex-
amined by scanning electron microscopy (SEM, Hitachi S-4800), energy
dispersive spectroscopy (EDS, Oxford Inca Energy 250) and high-re-
solution transmission electron microscopy (HRTEM, FEI Tecnai F20).
TEM samples were prepared using focused ion beam microscopy (FIB,
Auriga, Germany). The phase analysis of the as-deposited coatings were
studied by X-ray diffraction (XRD, Bruker AXS D8) using CuKa radia-
tion. The surface chemistry of the as-deposited coatings was analyzed
by X-ray photoelectron spectroscopy (XPS, Axis ultraDLD) and Raman

spectroscopy (Renishaw) with 532 nm laser. The hardness and adhe-
sional properties of the as-deposited coatings were characterized using
nanoindentation (MTS Nanolndenter G200) and scratch testing
(Revetest), respectively.

The tribological properties of the as-deposited coatings were studied
using a ball-on-disk tribometer (Rtec MFT-5000) under atmospheric
conditions with a relative humidity (RH) of about 75-80%. The
counter-body was a GCr15 steel ball (HRC 60) with a diameter of 6 mm.
All tribological tests were carried out using a sliding speed of 20 mm/s
and a normal load of 5 N. The stroke length was set to 5 mm with a
frequency of 2 Hz under linear reciprocating motion. The total sliding
time was set to 3 h (10,800 s). The tribological tests were stopped once
the coefficient of friction (COF) exceeded a value of 0.3. After the tri-
bological tests, the morphology of the worn surfaces was characterized
using confocal laser scanning microscopy (CLSM). The wear rates (k) of
the as-deposited coatings were calculated based upon the measured
wear volumes using CLSM.

3. Results and discussion
3.1. Microstructural analysis of the coatings

The resulting crystallinity and phases of the as-deposited coatings
were analyzed by XRD (Fig. 2). The diffraction peaks located at 13, 33
and 59°can be related to the (002), (100) and (110) crystal planes of
MoS,, thus proving the successful deposition of MoS, coatings. In ad-
dition, a diffraction associated to S can be observed in the XRD patterns
of the as-deposited coatings, which can be explained by an excess of S
during deposition. However, no individual diffraction peak of Y can be
seen in the XRD pattern of the doped composite coating, which is
probably due to the limited amount of Y in the composite coating.

Fig. 3 depicts the microstructure of the as-deposited coatings. The
pure MoS, coating reveals a rather loose microstructure composed of
parallel MoS, flakes and S particles, which can be well recognized in the
given EDS analysis shown in insets of A and B (Fig. 3(a)). In contrast,
the Y/MoS, composite coating depicts a denser microstructure com-
posed of disordered MoS, flakes and S particles wrapped in little MoS,
flakes, which can be seen in EDS analysis shown in the insets of C and D
(Fig. 3(b)). Consequently, the addition of the rare earth element Y
changed the growth mechanism of MoS, coatings and helped to opti-
mize their microstructure.

Fig. 4 reveals the HR-TEM images of the as-deposited coatings.
Fig. 4(a) reveals a parallel oriented, layered structure with a layer
spacing of 6.16 f\, which is related to MoS,. The inset in Fig. 4(a) is the
corresponding selected area electron diffraction (SAED) pattern, which
shows a typical polycrystalline pattern. As depicted in the SAED pat-
tern, these diffraction cycles can be assigned to {002}, {001} and {110}
planes of MoS,, which are consistent with the HRTEM results. For the
Y/MoS, composite coating, a similar layered structure with the same
spacing of 6.16 A can be seen in Fig. 4(b). The SAED (the inset in
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Fig. 3. SEM micrographs of (a) the pure MoS, coating and (b) the Y/MoS, coating, while the insets show the respective EDS analysis for both coatings.

Fig. 4(b)) also verifies the polycrystalline nature of Y/MoS, composite coatings. The strong peaks located at around 380 and 410 cm ™! can be
coating. related to the Eég and A, peaks of MoS,, respectively. Weaker peaks of
MoO, and MoOs can be also observed in Raman spectra, which in-
dicates that small quantities of MoO, and MoOj are present in the as-
deposited coatings.

Fig. 6 shows the measured data of the Sy, Moszq and Ysq

3.2. Chemical characterization of the coatings
Fig. 5 shows the measured Raman spectra for the as-deposited
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Fig. 4. HR-TEM images: (a) pure MoS, coating, (b) Y/MoS, coating.
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Fig. 5. Obtained Raman spectra of the MoS, and Y/MoS, coatings.

photoelectron peaks. The contributions of the Sy, peak located at 162.1
and 163.3 eV (Fig. 6(a)) as well as the contributions of the Mos4 peak
centered at 229.3 and 232.4 eV (Fig. 6(b)) can be attributed to MoS,
[10]. When comparing both coatings, it can be observed that the peaks
of the Sy, and Mozgq peaks are narrower for the Y/MoS, composite
coating. This implies that S and Mo in Y/MoS, composite coatings have
less chemical bonds than in the pure MoS, coating. Based upon that, it
can be assumed that the MoS, in the Y/MoS, composite coating is purer
compared to that in MoS, coating. The contributions of the Y34 peak
located at 157.2 and 159.8 eV are rather broad with low intensities,
which goes hand in hand with the low amount of Y in the Y/MoS,
composite coatings thus confirming the XRD results (Fig. 2).

3.3. Mechanical properties of the coatings

The hardness and adhesional strength of the as-deposited coatings
have been investigated. As summarized in Table 1, the hardness of the
pure MoS; coating is about 3.3 * 0.1 GPa, while the hardness of the
Y/MoS, composite coating is approximiately 7.5 * 0.4 GPa, which
implies an increase in hardness of almost a factor of 2.5. The coating-
substrate adhesion of pure MoS, is only 3 * 0.3 N, while the re-
spective values for the Y/MoS, composite coating reaches 50 + 0.9 N,
which reflects a 16-fold improvement. This can be traced back to the
denser microstructure of the Y/MoS, composite coating, which agrees
well with the SEM results (Fig. 3). Overall, these results demonstrate
that the addition of the rare earth element Y greatly improved the
hardness and coating-substrate adhesion of the Y/MoS, coating.

3.4. Tribological properties of the coatings

Fig. 7 shows the temporal evolution of the COF for both coatings. As
can be seen in Fig. 7, the COF of the substrate is rather high and exceeds
values of 0.5 after a sliding time of 100 s. The COF of the pure MoS,
coating started to increase suddenly after 30 min thus exceeding COF
values of 0.3. This experimental trend reflects well the poor anti-wear
resistance of these coatings and agrees well with published studies in
the literature [19-21]. The initial COF of the Y/MoS, composite coating
is about 0.07. After a slight increase, the COF stays fairly constant for
the entire measuring time thus reaching a COF of 0.128 after 3 h. This
performance is comparable and competitive to the performance of
doped MoS, coatings prepared by PVD [7-10].

The worn surfaces after the tribological experiments were char-
acterized by CLSM using 3D profile plots. As can be observed in
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Fig. 6. XPS analysis of the (a) Szp, (b) Mozq and (c) Y34 peaks for both coatings.
Please note that in case of the Y34 peak, only the doped coating is shown.
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Table 1
Summary of the obtained hardness and adhesion strength for the as-deposited
coatings.

Mechanical Property MoS, Y/MoS,
Hardness/GPa 3.3 £ 0.1 7.5 = 0.4
Critical load/N 3 = 0.3 50 = 0.9
0.6 | ——TiN
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Fig. 7. Temporal evolution of the COF for the substrate and both fabricated
coatings.

Fig. 8(a), the wear track of pure MoS, coating is considerably deep and
wide, thus demonstrating pronounced ploughing grooves at the right
edge of the wear track. The wear track of the Y/MoS, composite coating

0.0
0.2

X (mm)

0.0 0.2

0.4
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is notably shallower and narrower with only limited ploughing marks
caused by abrasive wear. Moreover, the wear rates of the as-deposited
coatings were calculated after the tribological tests. The wear rates of
the pure MoS; coating and the Y/MoS, composite coating can be given
as 341 + 0.48 x 107° and 8.36 * 0.29 x 10”7 mm®/Nm, re-
spectively. These results indicate an improvement in the wear rate by
almost two order of magnitude induced by the addition of Y. Together
with the stable evolution of the COF, this underlines the excellent
friction and anti-wear performance of the Y/MoS, composite coatings.
The results of CLSM are consistent with results of the microstructural
and mechanical characterization of the as-deposited coatings thus
verifying that the addition of rare earth element Y greatly improves
their mechanical and tribological properties.

4. Conclusion

Pure MoS, coatings and Y/MoS, composite coatings have been
successfully deposited by CVD on commercial cemented carbide blades
coated with titanium nitride. The addition of the rare earth element Y
induced a denser microstructure of MoS, coating. Moreover, the addi-
tion of rare earth element Y greatly improved the mechanical properties
thus leading to an increased hardness and enhanced coating-substrate
adhesion. As a consequence, the tribological properties of the Y/MoS,
composite coatings are greatly enhanced, thus demonstrating a low and
stable COF and an improved wear resistance. The COF of the Y/MoS,
composite coating is still as low as 0.128 after a sliding time of 3 h. The
wear rate showed an improvement of about two order of magnitude
compared to the pure MoS, coatings. These results can compete with
the existing state-of-the-art doped MoS, coatings fabricated by PVD.
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