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SYNTHESIS AND CHARACTERIZATION OF MOLYBDENUM DISULFIDE COMPOSITE COATING
ON STEEL USING CHEMICAL VAPOR DEPOSITION

Molybdenum disulfide (MoS,) is one of the most widely used solid lubricants applied in different ways on the surfaces
under friction. In this work, AISI 316 austenitic stainless steel was coated with MoS2, using chemical vapor deposition (CVD) at
four different temperatures (400, 500, 600 and 700°C). Coatings properties were investigated using SEM, EDX, XRD and FTIR,
Hardness Tester and Roughness tester. The results showed that with simultaneous evaporation of sulfur and molybdenum trioxide
(Mo0s) in the CVD chamber, a uniform coating layer containing MoS, and MoO, phases was formed. Increase in the substrate
temperature resulted in the rise in the amount of MoS, to MoO, phases. The thickness, grain size and the hardness of the coating
were 17-29 pm, 50-120 nm and 260-480 HV respectively. Friction tests carried out using pin-on-plate method under normal loads
of 10 N under ambient conditions showed values of the friction coefficient 0.25-0.40.
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1. Introduction

MoS, is a layered chalcogenide material that is an excellent
solid lubricant and is widely used in high-precision space-borne
applications such as satellite bearings, gears, and gimbals operat-
ing under extreme temperature ranges [1].

Super lubricity of MoS, is predetermined by its unique
laminar structure characterized by low shear stress (; 25 MPa),
which ensures extremely low friction coefficients (; 0.01). In
MoS,, each Mo (IV) center is trigonal prismatic, being bound
to six sulfide ligands, each of which is pyramidal. The trigonal
prisms are interconnected to give a layered structure, wherein
molybdenum atoms are sandwiched between layers of sulfur
atoms. Because of the weak van der Waals interactions between
the sheets of sulfide atoms, MoS, has a low coefficient of friction,
resulting in excellent lubricating property [2,3]. Up to now, a large
number of methods have been developed to prepare MoS, films,
such as, Thermal diffusion [4], hydrothermal synthesis [5,6],
physical vapor deposition [7], vertically aligned layers [8], pho-
toluminescence [9], chemical vapor deposition (CVD) [10] and
chemical deposition[11] .Recently, chemical vapor deposition
(CVD) has been one of the most promising methods of produc-
ing high quality MoS,. Several precursors, such as Mo(St-Bu),
and Ti (St-Bu), [12], M0O; [13], MoCls [14], Mo(CO)g [15],
(NH4),Mo00,S, and (NH,),MoS, [16] have been used.

The sulfurization of MoO; using the CVD method has been
adopted to synthesize MoS,. To our best knowledge, synthesis of

MoS, film onto steel substrates using a CVD method has not yet
been reported. In this work, MoS, coatings using the MoOj; and
S precursors were deposited onto AISI 316 austenitic stainless
steel and their properties were investigated.

2. Experimental

Samples of AISI 316 stainless steel, measuring 10 mm X
5 mm x 2 mm, were used as substrates. The composition of AISI
430 stainless steel is listed in Table 1. Specimens were polished
with 320- up to 1200-grit paper, ultrasonically cleaned in ethanol
and then dried.

TABLE 1

Chemical composition of AISI 316 stainless steel

Element Fe C Cr | Mn | Si S P
Concentration (wt.%) | Bal | 0.12 [ 17.4 { 0.92 | 0.85 | 0.02 | 0.03

The CVD reactor (3Z.MTDI.900°C Modern Technology
Development Institute) was used for deposition of the MoS,.
Fig. 1 shows schematic illustrations of the reactor. As shown in
Fig. 1 (a), 25 mg of MoOj; powder (99%, Aldrich) and 600 mg of
sulfur powder (99.5%, Alfa) were placed in two separate graph-
ite crucibles and loaded separately into two furnaces, 1 and 2,
to provide independent temperature control. To keep the substrate
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vertical, it was inserted into a holder and was placed in furnace 3.
In order to remove air and steam in the reactor, argon gas with
high purity (>99.99 %) was passed through the tube.

To avoid gradual sulfurization of MoO; powder by subli-
mated sulfur, a closed crucible was used for evaporation of MoO5
powder. The heated MoO; powders were sublimed and swept by
the Argon gas into the tube (see Fig. 1). Finally, the temperature
of zones 1, 2 reached 200°C and 850°C respectively and were
maintained for 180 min. However, temperature of zone 3 was
400, 500, 600 and 700°C. A fast cooling process with a 2 litr/
min Ar was applied to stop the reaction quickly and control the
growth time accurately.

Microstructure and chemical composition of the surface
and cross section of coatings were analyzed using scanning
electron microscopy (SEM) (Camscan MV2300) with energy
dispersive spectroscopy (EDS). IR spectra were recorded in the
400-4000 cm ! range with a resolution of 4 cm ™!, using Bruker
tensor 27 FTIR spectrometer with RT-DLATGS detector and KBr
pellet technique. X-ray diffraction (XRD) was used to identify
the phases that formed in the surface layer of the coated sam-
ple, using Cu Ka radiation (1 = 1.5405 A). Phase identification
and Rietveld quantitative phase analysis were carried out using
X’Pert High Score Plus v2.2 software.

The crystallite size was evaluated from X-ray diffraction
patterns based on the Scherrer formula that is defined as:

BeosO = Kild (1)

Where f is the line broadening at half the maximum intensity
(FWHM) in radians, 4 is the wavelength, 0 is the diffraction
angle, and d is crystallite size [17].

The surface roughness was measured using stylus type
(Talysurf Taylor Hobson) instruments. The average surface
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roughness was measured at five different locations and results
were averaged.

Friction tests were performed using a pin-on-disk machine.
This equipment is controlled by its PC software, which allows
observing the evolution of the friction coefficient. During the test,
the treated samples were rotating against a stationary AISI 52100
steel pin (with 4.576 mm hemispherical tip radius and hardness
of 800 HV30 ) at a linear speed of 0.11 m/s under loads of 10 N.

3. Results and discussion

Fig. 2 shows SEM images and EDX spectrums of coated
samples prepared at deposition temperatures of 400°C and
700°C. As can be seen, coating fabricated at 400°C has flake
structure and a rough surface (Ra = 1.2 um) with many pores.
This might be due to insufficient diffusion in deposition layers at
this temperature. But as shown in Fig. 2b, the coating fabricated
at 700°C hasn’t flack structure, and is difficult to find pore on
the surface of coating. Its surface roughness is 0.8 um. The re-
sulting roughness of coatings at different substrate temperature
is presented in Fig. 3. The coating roughness decreases with
increasing substrate temperature. Change of surface roughness
can be attributed to change in coating surface morphology caused
by changes in substrate temperature.

Fig. 4 shows a cross section SEM image and EDS line
scan of a coated specimen at 700°C. The thickness of coatings
is about 30 um no voids, pores or discontinuities is observed in
the coating thickness. The Coating thickness as a function of
substrate temperature is presented in Fig. 5. As can be seen the
coating thickness increases with increasing substrate tempera-
ture, although the amount of thickness variation with temperature

. . Zone 1 (MoO3)
' ' 800 $
000000 000000 000000
600 4
) 2 1O
Ar 400 4
000000 | 000000 | 000000 200 Zone2(S)
zonel 5 zome2 g zomed o
0 40 160 200
Time (min)
(a) (b)
(¢Y)] @) 3) @ 5)
precursors: | Q(Ar)=2 L/min Q(Ar)=0.05L/min Q(Ar)=0.05 L/min Q(Ar)=0.5 L/min  Q(Ar)=2 L/min
> > > > > |Product
Mgogo((fS ﬁr) T(MoOs)= 100°C  T(MoO3)=100- 600°C T(MoOs)= 600-850°C T(MoOs)=850°C Cooling stage
(600gr T(S)=30°C T(S)=30°C T(S)=30-200°C T(S)=200°C
20°C/min 20°C/min t= 180min

(©

Fig. 1. (a) Schematic illustration of the MoS, CVD system. (b) Temperature programming process of MoO; and S precursors. (c¢) Flowchart
showing the main steps of the MoS, programming process of MoO; and S precursors
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Fig. 2. SEM images and EDX spectrums of coated samples prepared at different temperatures deposition by CVD at: (a) 400°C and (b) 700°C,

Inset shows the atomic percentage of the coatings
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Fig. 3. The resulting roughness of coatings at different substrate
temperatures

is small. During CVD the coating growth rate is limited by either
surface reaction kinetics, mass transport (diffusion) of precursors
to the substrate, or the feed rate of the precursors. By increasing
the substrate temperature during the film deposition, as Fig. 6
depict, the mass transport and the surface reaction are influenced
by the temperature. The surface reaction is the limiting step at
lower temperature and mass transport is the rate limiting step
at higher temperature. So the deposition temperatures used in
this study is in the range of reaction temperature so that surface
reaction is the limiting step [18,19].

The results of EDX analysis of surface of coated specimen
with MoS, at different temperatures, are given in Table 2. As
can be seen, the ratio of sulfur to oxide in the coating increases
with increasing substrate temperature. Due to the endothermic
reaction of MoO; with S, the amount of MoS, increases with
increasing substrate temperature, the ratio of sulfur to oxide in
the coating increases.
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Fig. 4. SEM cross section image of coating fabricated at substrate temperature of 700°C (a) and EDS line scan (b)
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Fig. 5. The coating thickness as a function of substrate temperatures

TABLE 2

Chemical composition of coating deposited by CVD process method
at various substrate temperatures

tesrsssgiltjere Iron | Molybdenum | Sulfur | Oxygen Sulfurréﬁé(ygen
400°C 12 40 33 15 2.2
500°C 11 38 39 12 3.25
600°C 12 41 37 10 3.7
700°C 10 38 42 10 4.2

Cu Ko radiation was employed to identify the phases formed
in the surface layer of the specimens. Fig. 7 shows XRD diffrac-

tion patterns of CVD coatings at different substrate temperature.
The identified phases include MoOs3;, MoO, and MoS,. These
types of diffractometers have a high penetration depth, therefore
the strong peaks originate from the substrate.

The strong diffraction peaks indicate that the product has
good crystallinity. The results clearly show that the MoS, phase

Substrate temperature ('C)

Fig. 6. Deposition rate as a function of temperature [17]

is generated even at substrate temperature of 400°C Diffraction
peaks of MoS, phase can be indexed as the standard hexagonal
MoS, phase by comparison with the data from JCPDS card
no. 03-065-3656. The strong diffraction peaks at substrate
temperatures of 400-7000.8 um indicate that the products have
good crystallinity.

As can be seen in Fig. 7 with increasing substrate tempera-
ture, diffraction peaks are strengthened slightly, indicating the
improvement in crystallinity.

Fig. 8 shows the phase compositions obtained by Rietveld
refinement of coatings at different substrate temperature. The
reaction between MoO; and S is given in Eq. 1.

2MoO; + 7S = 2MoS, + 350, (1)

As can be seen in Fig. 8, there is significant amounts of
MoO, in the coatings. Recent research indicates that the reaction
of MoOj; and S might also involve the stepwise reduction and
sulfurization. Possible stepwise equations of the reaction can be
described as follows:
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Fig. 7. XRD patterns of coating deposited by CVD process method at various substrate temperatures. (Symbol representations of the peaks: [*]

MoS,, [0] M00O,, [*"]Mo00O;-x and [#]Mo003)

MoO; + x/2S = MoO;_, + 380,
MoO;_, + (7 — x)/2S = MoS, + (3 — x)/2S0,

2
)

MoOQ, is intermediate product and is one of the most stable in
Mo compounds.

With the increase of substrate temperature from 400°C
to 700°C, the presence of MoQO, is significantly reduced and
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Fig. 8. Quantitative phase analysis data (wt.%) by the Rietveld Method
for coatings at different substrate temperatures

MoS, is obtained dominantly. From these experiments, it can
be concluded that the reaction occurs in two phases; in phase
one, sulfur vapor reduces MoOj; to MoOs_,.. In the second phase,
the excess sulfur reacts with MoOj;_, and produces MoS,. The
temperature of process and reaction duration determines the
degree of conversion of the MoO; into MoS, film [10,20,21].

The IR technique was used to verify the XRD assignments
of oxide, sulfide species. The FT-IR spectrum of the coating is
shown in Fig. 9. The relatively sharp bands at 974 and 911 cm ™!
are ascribed to the Mo = O characteristic stretching vibration of
the hexagonal phase. The splitting peaks in 616 and 523 cm!
corresponds to the Mo-O vibration and the bands at 463 and
380 cm ! are ascribed to the Mo = S and Mo-S characteristic
stretching vibration of the hexagonal phase which is in agreement
which matched well with reference [22-24].

The grain size of the coatings is estimated based on the
Scherrer formula from the X-ray diffraction patterns of (220)
reflexes and are presented in Fig. 10. The grain size in coatings
is subjected to various external conditions, among which the
initial nucleation and growth of coating on the substrate may
play a decisive role.

When the substrate temperature is increased from 400°C
to 800°C, the surface mobility of the deposited atoms is further
increased, so higher temperature promotes the grain size.

The resulting micro-Vickers hardness of coatings at differ-
ent substrate temperature is presented in Fig. 11. As shown, the
hardness increases with increasing substrate temperature up to
a maximum of 450 HV at 500°C, then decreases progressively
with increasing substrate temperature. In this process both phases
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Fig. 9. FT-IR spectrum of coatings (at substrate temperature of 700°C)
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Fig. 10. The average grain size as a function of substrate temperature

produced and grain size of coatings are the two main factors
that affect the hardness. The dependence of material hardness
on the grain size can be described by the phenomenological
“Hall-Petch” equation [25], as follows:

H,=Hy+Kd " (4)

Where, H, is the measured hardness, Hj, is the intrinsic hardness
dependent on frictional lattice resistance to dislocation motion,
k is the material-specific strengthening coefficient, and D is the
average grain size. This relationship is based on the observation
that grain boundaries impede dislocation movement and that the
number of dislocations within a grain have an effect on how
easily dislocations can traverse grain boundaries and travel from
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Fig. 11. The micro-Vickers hardness values of coatings at different
substrate temperatures

grain to grain. According to Hall-Petch relationship, the decrease
in grain size leads to hardness enhancement. But as can be seen
from Fig. 11, the hardness of coating increases whit increas-
ing coating grain size from substrate temperature of 400°C to
500°C. According to the phase composition, MoO, phase is at
maximum value at different deposition temperatures (Fig. 7).
Since MoO, is harder than MoS, and MoO; (The Mohs-scale
hardness values of MoS,, MoO; and MoO, are 1.59, 2.55 and
4.64, respectively [26-28]), the hardness is increased at 500°C
but because of increasing grain size and decreasing MoO, phase
in coating, the hardness is decreased with increasing of substrate
temperature in the range of 500-700°C.
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The variation of the steady state friction coefficient of the
coatings and substrate is presented in Fig. 12. It is observed that
the values of the friction coefficient increases with the decrease
of substrate temperatures and is in the range of 0.25-0.40. As
can be seen in Fig. 8 with the increase of substrate temperature
the presence of MoS; as an ultra-lubricant phase is significantly
increased, so coating friction coefficient decreases with increas-
ing substrate temperature.
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Fig. 12. The friction coefficient values of coatings at different substrate
temperatures. Inset shows the friction coefficient of the coating at
substrate temperatures of 500°C.

4, Conclusions

MoS, coating was successfully fabricated on the AISI 316
austenitic stainless steel, using vapor deposition. A mixture of
MoS, and molybdenum dioxide (MoO,) was produced by evapo-
rating sulfur powder and molybdenum trioxide (MoQO3). In this
method, temperatures less than 850°C was used which is much
lower than the temperature, required for the direct evaporation
of MoS,. A mixture of MoS, and molybdenum dioxide (MoO,)
was produced. The results displayed the progress of MoS,
formation from MoO, which is in correspondence with tem-
perature. The coating layer had compact and dense morphology.
The thickness, grain size and the hardness of the coating were
17-29 pm, 50-120 nm and 260-480 HV respectively. Pin-on-plat
reciprocating tests demonstrated the coating friction coefficient
0.25-0.40 (20°C, air).
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