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The austenitic stainless steels are extensively used in industrial applications owing to their outstanding
corrosion resistance. However, their use is limited in several applications due to their poor tribological
properties and the need to be upgraded. This study investigates the tribological behavior of molybdenum
oxide coating on AISI-316 steel deposited by low-temperature cathodic cage plasma deposition (CCPD).
The wear behavior is investigated by a ball-on-disc wear tester which reveals the outstanding friction
reducing capability and wear resistance of molybdenum oxide film. The film deposited by keeping on
floating potential only contains the MoOj3; phase, while mixed phases of M0oO; and Fe,O3 are found on the
film deposited by cathodic potential. This is also supported by Raman analysis. Moreover, the successful
deposition of MoOj; on floating potential reveals this system efficiency to deposit this coating on insulators.
This study shows that MoOj; coating by CCPD can enhance tribological features and act as a solid lubricant
coating. The CCPD system exhibits high deposition efficiency; no complicated equipment is required in this
system; the deposited film is quite homogeneous, the low processing temperature is required, the rough
vacuum is required, and this system compatibility with industry makes this study more effective to fulfill
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1. Introduction

Transition metal oxides, including molybdenum oxides, are
widely used in numerous applications, such as photochromicity,
chemical sensing, as a catalyst in oxidation-reduction reactions,
and electrochromicity (Ref 1). Also, such coated materials are
used in lithium batteries, display devices, smart windows, anti-
dazzling film, and sensors (Ref2). Due to the broad range of
applications, various techniques are adopted to synthesize these
films, including wet-chemistry (Ref 3), RF/DC magnetron
sputtering (Ref 4), solgel (Ref 5), evaporation (Ref 6), ion-
beam assisted deposition (Ref 7, pulsed laser deposition (Ref 8,
and plasma focus device (Ref 9). However, it is a serious
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concern to adopt those techniques that require simple equip-
ment with the least processing cost and are eco-friendly. The
conventional deposition techniques require complicated equip-
ment, employ hazardous chemicals (Ref 10), present low-
deposition efficiency (Ref 11), have high processing costs (Ref
11), and are not favorable for industrial-scale applications (Ref
12). The above shortcomings demand novel techniques to
deposit molybdenum oxide films for large-scale utilization.

The deposition of oxide films on various metallic materials,
including steel, is widely reported by conventional plasma
processing techniques (Ref 13, 14). In the conventional plasma
processing technique, samples are placed on the cathodic
potential, directly bombarded by the energetic ions of oxygen
plasma. As a result, sputtered target material combines with
oxygen atoms and adsorb on the target material (Ref 13). This
intensive direct ions bombardment causes several issues,
including samples overheating, border effect, hollow cathode
effect, damaging the sample’s surface, and deposited film is not
homogeneous (Ref 15). Furthermore, assisted with conven-
tional plasma processing technique, only the oxide films of
substrate material (due to direct ions bombardment on the
substrate) can be deposited. The oxide film of some other
material cannot be deposited. In this regard, around two
decades ago, a novel cathodic cage plasma/ active screen
plasma technique was introduced, which contains a metallic
screen at cathodic potential (which is called cathodic cage)
surrounding the substrate (which is at floating potential) (Ref
16). As no direct bombardment of ions is involved, overheating
or border effect can be eliminated or reduced.

The cathodic cage plasma technique involves cage material
sputtering, reaction with processing gasses, and re-deposition
on the substrate (Ref 17). Thus, the oxide films of cathodic cage
material can be synthesized on the substrate; due to this feature,
this technique is also termed as cathodic cage plasma deposi-
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tion (CCPD) technique. The CCPD technique is widely used to
synthesize numerous materials, including chromium (Ref 18),
nickel (Ref 19), niobium (Ref 20), silver (Ref 21), copper (Ref
22), and titanium (Ref 23). Previously we reported the
deposition of aluminum nitride on steel samples using the
aluminum cathodic cage, and homogenous film with excellent
tribological and corrosion properties was obtained (Ref 24, 25).
Later on, a molybdenum cathodic cage was used to deposit
molybdenum oxide and nitride films on steel samples, and a
homogeneous film was obtained [2]. As stated in the literature
(Ref 26), molybdenum oxide film acts as a solid lubricant, and
thus it is essential to evaluate the wear properties of molyb-
denum oxide films deposited by CCPD. Furthermore, the
molybdenum oxide films are used in photocatalysis and optical
technologies (Ref 27), and thus this coating is also essential for
insulator materials. To investigate the suitability of CCPD to
deposit molybdenum oxide on insulators, the effect of samples
biasing (floating and cathodic potential) is also necessary to be
examined. It is commonly reported that high-temperature
processing of austenite-matrix steel samples causes the
chromium nitrides precipitation, which deteriorates the corro-
sion resistance of film (Ref 28. Thus, low-temperature CCPD is
preferable to retain the corrosion resistance of austenitic
stainless steel and to improve the tribological properties.

Here, low-temperature (673 K) CCPD equipped with
molybdenum cage is used to deposit molybdenum oxide on
AISI-316 steel by keeping samples on floating and cathodic
potential. The deposited coatings are examined by X-ray
diffraction, Raman spectroscopy, scanning electron microscopy,
wear analysis by a ball-on-disc tester, and adhesion by
Rockwell-C indentation test.

2. Experimental Details

Samples of austenitic stainless steel (AISI-316) having a
thickness of 5 mm and surface area of 20 x 20 mm? acquired
from Villares Metals were used. The elemental composition of
samples in the annealed state was (weight %): 17% Cr, 12% Ni,
2.2% Mo, 0.03% C, and iron (balance). Prior to processing,
samples were mirror-polished by a mechanical polishing
machine equipped with silicon carbide papers and diamond
paste.

The processing chamber used in this study is shown in
Fig. 1. Some of the samples were directly kept on the cathodic
base plate (cathodic potential) and others on the insulator plate
to kept them on floating potential. We used a molybdenum
cathodic cage with a diameter of 70 mm, a height of 40 mm,
and equally distributed holes of 8 mm diameter. Prior to film
deposition, the samples were sputter-cleaned for 1 h using the
hydrogen/argon gas mixture at a temperature of 623 K and
pressure of 80 Pa. The oxidation of samples was done assisted
with the oxygen/hydrogen mixture (equal concentration) at a
low temperature of 673 K for 5 h and a pressure of 70 Pa.

The samples were analyzed by X-ray diffraction equipped
with a CuKo-radiation source, operated by the current of 40
mA and voltage of 45 kV. The surface morphology and cross-
sectional examination was done by SEM analysis (Tescan Mira
3 model) and surface elemental composition by elemental
dispersive spectroscopy (Bruker, model Xflash). The adhesion
of film was evaluated by Rockwell C technique according to
VDI 3198 standard using Isize durometer (model ISH-BRV).

Processing
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Insulator
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Rotary Vane Pump

Anodic
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Fig. 1 Schematic diagram of CCPD reactor for synthesis of
molybdenum oxide film at floating and cathodic potential

The Raman analysis was conducted assisted with a micro-
Raman Senterra Bruker spectrometer. It was equipped with a
charge-coupled device (CCD) system and had a resolution of
Raman of 3 cm™. The system consists of a 785 nm laser and a
power of 25 mW. The wear performance of deposited films was
analyzed by ball-on-disc wear tester consisted of an alumina
ball of 6 mm diameter. In this analysis, the normal load of 2 N,
speed of 10 cm/s, sliding distance of 200 m and radius of wear
track 2 mm were used.

3. Results and Discussion

3.1 XRD Analysis

The phase structures of base material and samples processed
at floating and cathodic potential is shown in Figure 2. The base
sample mainly contains austenite phase (y) with a minor
amount of martensite phase (o). The martensite phase is
presented in base metal as a result of transformation from
austenite due to severe plastic deformation during the rolling
process (Ref 29, 30). The samples of austenitic stainless steel
AISI-316 used in this work are of 5 mm thickness, which was
obtained by a rolling process involving a considerable strain
level. Therefore, the microstructure of base material consists of
austenite phase plus a quantity of martensite, which was
transformed during the rolling process. Slip bands can also be
appreciated to indicate dislocation gliding product of high
strain (Ref 31). The microstructure of the base material is
shown in Fig. 3, which indicates the presence of slip bands.
These transformation phenomena from austenite to martensite,
leading to a dual-phase microstructure in 316L stainless steel,
have been reported as an alternative to improve the work-
hardening ability and strength of these alloys (Ref 29, 30, 32).
It has been reported that martensite transformation percentages
from 13% to 30% for deformation between 30% and 50% when
rolling is carried out at room temperature (Ref 33). On this
basis and XRD peaks identification, we consider that peak at
approximately 44.35° corresponds to the martensite phase,
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Fig. 2 XRD spectra of (a) base (untreated material), sample treated
with molybdenum cage at (b) cathodic and (c) floating potentials

Fig. 3 Optical micrograph of base material prior to molybdenum
oxide deposition

which could be slightly increased due to the polishing process
carried out prior to processing (Ref 34).

In contrast, the sample treated by molybdenum cathodic
cage by keeping sample on cathodic potential (Fig. 2b) contains
a mixture of molybdenum trioxide and iron oxide phases
following Crystallography Open Database (COD): 96-900-
9670 and 96-152-8613, respectively. The co-existence of
molybdenum and iron-containing peaks indicates that besides
the deposition of molybdenum sputtered from the cathodic
cage, another mechanism contributes. Although, in the litera-

Journal of Materials Engineering and Performance

.S H
(b) s
< P 0 m o © o
D o

NZE 88 38 3

v J\“J\umx/ e

(a)

Intensity (arbitrary unit)

150 300 450 600 750 900 1050

Wavenumber (cm™)

Fig. 4 Raman spectrum of treated sample with molybdenum
cathodic cage by keeping at (a) cathodic and (b) floating potentials

ture, several contradictory mechanisms are presented, including
Saeed et al. Ref 35), Gallo et al. Ref 36, and Hubbard et al. Ref
37 to explain the CCPD processes. The latest model is
presented by Fraczek et al. Ref 17, which states that the
following processes are involved in CCPD: cathodic sputtering
of atoms from the cage and its admixing in plasma area, its
reaction with active gasses atoms, and subsequent re-deposition
on the sample surface. It clarifies the deposition of molybde-
num oxide on the sample surface. The additional presence of
iron oxide can be ascribed to the cathodic biasing of samples,
which causes direct ions hitting on the samples. Thus its
sputtering and re-deposition are also involved, like the
conventional plasma processing system (Ref 38). On the other
hand, the sample treated at floating potential illustrates the
presence of only molybdenum oxide following COD 96-900-
9670, which can be attributed to only sputtering of the
molybdenum cathodic cage, as described Ref 17, 36. These
findings suggest that a combination of iron oxide and
molybdenum oxide can be deposited on austenitic stainless
steel samples using low-temperature CCPD at cathodic poten-
tial and individual molybdenum oxide at floating potential.

3.2 Raman Analysis

The Raman spectra in the range of 100-1100 cm™ are
depicted in Fig. 4. The sample treated at cathodic potential
shows that spectra mainly contain bands in the range of 200-
610 cm™ corresponding to the hematite structure (Ref 39). The
presence of hematite structure is an indication of sputtering
from samples surface due to their cathodic potential, and its
reaction with oxygen and re-deposition on samples. Besides
this, it depicts the presence of less intense bands at 690 cm™,
which corresponds to the scissoring vibrations of the O —
Mo — O bonds (Ref 40, 41). Also, less intense bands are
appearing at 910 cm™ and closer to it, and it is reported that
bands in this range are due to M = O bonds (Ref 41).
Conversely, the sample treated at floating potential indicates
that it mainly consists of bands at 690 cm™ (corresponding to
O — Mo — O bonds) and an intensive band closer to 910 cm™



(corresponding to M = O bonds). It shows that the sample
treated at floating potential mainly consists of molybdenum and
oxygen and supports molybdenum oxide formation. The
dominant presence of molybdenum and oxygen can be credited
to sputtering only from the molybdenum cathodic cage, and
molybdenum is admixed in plasma environment, it reacts with
oxygen atoms and deposited as molybdenum oxide (Ref 17).
Thus, Raman analysis supports the results from XRD analysis
as described above.

3.3 EDS Analysis

The results obtained from XRD and Raman analysis can be
clarified by analyzing the film’s elemental composition using
EDS analysis. The EDS spectrum of base material and
molybdenum oxide deposited sample at floating, and cathodic
potential is depicted in Fig. 5. For improved reliability, EDS
analysis is repeated six times, and the average spectrum is
presented here. The base material shows the composition of
AISI-316 steel containing iron along with alloying elements
chromium, nickel, and silicon. The molybdenum oxide
deposited sample at cathodic potential shows molybdenum,
oxygen, and substrate material elements (iron and chromium).
The coexistence of molybdenum and substrate elements is
obviously due to substrate and cathodic cage sputtering. In
contrast, the molybdenum oxide deposited sample at floating
potential only contains molybdenum and oxygen elements
deposited due to cage sputtering and its reaction with oxygen
and re-deposition on the sample surface. This supports the
results discussed in XRD and Raman analysis.

3.4 Adhesion Strength

The adhesion strength was analyzed by the Daimler-Benz
Rockwell-C adhesion test. The adhesion strength can be
characterized in six categories ranging from HF1 (excellent
adhesion) to HF6 (weak adhesion). In the HF1, only small
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Fig. 5 EDS spectrum of (a) base, sample treated with molybdenum
cage by keeping at (b) cathodic and (c) floating potentials

radial cracks around the indentation can be observed, and HF6
is associated with the layers delamination in the vicinity of the
indentation; the intermediate classifications HF2, HF3, and
HF4 are considered satisfactory, while HF5 indicate weak
coating adhesion (Ref 42). The test is widely used in the thin
films adhesion evaluation (Ref 43, 44); however, previous
works (Ref 45, 46) have shown the satisfactory application of
the technique for characterizing boride layers whose thickness
is greater (up to 53 pm) than the layers deposited in this work
(28-38 um). In addition to characterizing adhesion, the test
allows assessing the coating fragility by analyzing the radial
cracks, which can indicate a coating fragile behavior even
under satisfactory adhesion conditions (Ref 42, 45). The
micrographs shown in Fig. 6 reveal that both films can be
associated with the HF1 category and indicate excellent
adhesion of the coating to the AISI-316 steel substrate, and
also we can observe the absence of radial cracks, revealing a
ductile behavior of the applied coatings and, consequently, a
good cohesive force. Figure 6(a) clearly shows the material
accumulation at the indentation edges in the sample treated in
cathodic potential. It may reveal more remarkable plasticity of
this coating compared to the deposited in floating potential.

3.5 SEM Analysis

The surface morphology of molybdenum oxide deposited at
floating, and cathodic potential is depicted in Fig. 7. The base
material’s morphology (not shown here) contains scratches on
the surface induced by samples’ mechanical polishing. A
substantial alteration in surface morphology is observed by
varying the sample’s biasing potential. The SEM image of the
cathodic potential treated sample (Fig. 7a) shows that the layer
is uniformly deposited on the entire surface. The high-
resolution image (Fig. 7b) shows that deposited film comprises
mainly agglomerated spherical particles. These particles are due

Fig. 6 Surface morphology of indents by Rockwell test of samples
treated with molybdenum cathodic cage by keeping at (a) cathodic
and (b) floating potentials
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to sputtering from the cage as well as from the sample surface.
Such morphology for molybdenum oxide film is well-known in
the literature (Ref 47). In contrast, the molybdenum oxide film
deposited at floating potential (Fig. 7c, d) reveals that the whole
surface is uniformly covered with micro-platelets. Such mor-
phology for molybdenum oxide deposited samples is also
following the literature [48]. The synthesized micro-platelets
are primarily rectangular and are arranged parallel to each other
in small regions, whereas random orientation on the sample. In
fact, the morphology of film is dependent on deposition
equipment and control parameters. It can exhibit numerous
shapes, including elongated columns, rectangular piped, oval,
needle and plates, as found in the literature (Ref 47, 49, 50).
The thickness and uniformity of deposited films are
analyzed by cross-sectional SEM analysis and are presented
in Fig. 8. The thickness of molybdenum oxide deposited film at
cathodic potential is 28 um and is 38 um for floating potential.
The least thickness of sample treated at cathodic potential can
be ascribed to direct ions bombardment on samples surface,
which causes sputtering of deposited film (Ref 51, 52). The
layer deposited by placing samples on cathodic potential is
quite dense due to sputtering re-deposition on the sample
surface. The thickness of film deposited at floating potential is
greater than cathodic potential because in this case no direct

Fig. 8 Cross sections of treated samples at (a) cathodic and (b) ions bombardment on surface of samples is involved. In this
floating potentials
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Fig. 9 Wear track images of (a) base, sample treated with molybdenum cage at (b) cathodic and (c) floating potentials

case, the sputtering only occurs from cathodic cage, and
sputtered molybdenum reacts with oxygen atoms in plasma
environment and molybdenum oxide is deposited on sample
surface with adequate thickness. The film deposited by placing
samples on floating potential is in agreement with surface SEM
images. It shows that the layer is composed of micro-platelets
arranged in various orientations.

3.6 Wear Test

The wear behavior of deposited films is compared using a
ball-on-disc wear tester, and SEM images of wear tracks are
presented in Fig. 9. The wear track of base material (Fig. 9a)
reveals that the track is wide compared to other processed
samples. The high-resolution images indicate the abrasion
grooves are formed due to the removal of surface material, and
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removed material is presented on the worn tracks as metallic
debris. Thus, it indicates that the abrasive wear mechanism is
dominant. It happens due to plastic deformation and micro-
plowing of the surface during sliding of the ball. On the other
hand, the molybdenum oxide deposited sample wear tracks
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width is reduced under both conditions. However, the cathodic
potential treated sample (Fig. 9b) also displays the grooves due
to abrasion and metallic particles on the surface, indicating an
abrasive wear mechanism. The high-resolution image shows
that surface is damaged due to the sliding of the ball because of
plastic deformation. Conversely, the molybdenum oxide
deposited under floating potential (Fig. 9c) reveals best wear
resistance, and the wear track is narrow and shallow. The
track’s surface is smooth and clean and does not contain any
metallic debris, revealing the adhesive wear is contributing.
Thus for tribological purpose, molybdenum oxide film synthe-
sized at floating potential is suitable. It can be attributed to the
lubricating performance of molybdenum oxide film (Ref 26).
This lubricating film acts as a physical protective film, which
avoids direct contact between sliding surfaces during wear
analysis and reduces the wear rate (Ref 26). Previously Tang
et al. (Ref 26) reported an improvement in anti-wear perfor-
mance and friction-reducing ability of base oil by adding the
molybdenum oxide. The best anti-wear and anti-friction
properties were attained by using 0.5 and 0.1 wt.% molybde-
num oxide in the base oil. Here, we observed that besides the
addition of molybdenum oxide in a base oil to improve the
wear properties, the individual deposition of molybdenum
oxide coating can improve the wear resistance of AISI-316
steel. The surface images show that the surface of the sample
treated at floating potential is smooth and less damaged,
representing better wear resistance of this sample. The sample
treated at floating potential contains individual molybdenum
oxide film (as shown in XRD), and thus it shows better
lubricating performance and wear resistance.

The friction coefficient is plotted against the sliding distance
for various samples in Fig. 10. The base material’s friction
coefficient is relatively higher and fluctuating over the treated
samples, which shows severe wear. The rapid variation can be
attributed to the wear track’s oxidation and its removal upon
further sliding, as described earlier (Ref 24). The molybdenum
oxide deposited sample at cathodic potential depicts that
friction coefficient is smooth and low up to a sliding distance of
25 m. Later on, it rises sharply closer to the base material. The
initial small and smooth friction coefficient values can be
ascribed to the deposited oxide layer having some amount of
molybdenum oxide. The rapid rise beyond the 25 m sliding
distance can be attributed to the removal of the deposited layer.
This fact is well supported by SEM tracks containing the
metallic debris and abrasion due to detachment of deposited
layer. In contrast, the molybdenum oxide deposited sample at
floating potential shows very smooth and very low values of
friction coefficient. It is due to the abundant amount of
molybdenum oxide on the surface, which work as a solid
lubricant and friction-reducing agent during the sliding of the
ball on the surface (Ref 26). This result is also well supported
by the SEM images of tracks that are clean, smooth, and do not
contains metallic particles detached from the worn track. The
average values of friction coefficient (Fig. 11a) and wear rate
(Fig. 11b) are plotted to compare the wear behavior of
deposited films quantitatively. It shows a significant decrease
in wear rate and friction coefficient of molybdenum oxide
deposited sample, mainly deposited at a floating potential.
Thus, it shows that the tribological performance of AISI-316
can improved effectively by molybdenum oxide deposition
with CCPN at floating potential.



4. Conclusions

Here, molybdenum oxide is deposited on AISI-316
austenitic stainless steel with the aim to improve the tribolog-
ical performance for motion-contact parts application. The films
are deposited assisted with the low-temperature cathodic cage
plasma deposition technique (CCPD) by changing the sample’s
biasing at floating and cathodic potential. The molybdenum
oxide deposited sample under floating potential shows out-
standing friction reducing ability and wear resistance. The film
deposited on cathodic potential contains a mixture of molyb-
denum oxide and iron-oxide, while the explicit molybdenum
oxide phase is formed on a floating potential treated sample. It
suggests that molybdenum oxide deposited at floating potential
can be used as a solid lubricant and friction-reducing agent. As
this film is successfully deposited on floating potential and it
can also be deposited on non-conductors; therefore, it can
improve the optical properties of insulators and semiconduc-
tors. Advantageously, relatively simple equipment is required in
this system, the deposited film is homogenous, the system’s
efficiency is higher, and low-temperature is required for
deposition. This system can be used on industrial-scale
applications and is predicted to be efficient.
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