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CHARACTERIZATION OF THE SELF-DRY-LUBRICATION AND SELF-HEALING EFFECTS
ON NANO-AND ATOMIC SCALE IN Zn/MoS,/GRAPHITE/Zn COATINGS DEPOSITED
BY ATMOSPHERIC PRESSURE PLASMA SPRAYING ON ULTRA-LIGHT CONSTRUCTION POLYMERS

In order to increase the resistance of the polyamide 11 (PA 11) surface to sliding wear, the economical low-temperature at-
mospheric pressure plasma deposition (APPD) technique was used to produce innovative thick Zn/MoS,/graphite/Zn coatings with
self-dry-lubrication and self-healing functions [1]. The specific problem was concern on structure characterization in nano- and
atomic scale of these effects. The self-dry-lubrication was possible thanks to the possible breaking of weak van der Waals’ bonds
both in graphite and MoS, structures. The effect was described as a result of the shifting of atomic layers in both MoS, and graphite
layers within the same phase and at their boundaries while the self-healing effect occurred in the form of closing micro-cracks in
the structure of the coatings and rebuilding van der Waals’ atomic bonds.
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1. Introduction

Recent advancements in polymers and polymer compos-
ites, particularly for bearing materials, have underscored their
potential as lightweight alternatives to traditional metals in
modern engineering [2-4]. However, a key challenge remains
their high friction coefficients under unlubricated conditions.
Polyamide 11 (PA11) is widely used in applications such as
screws, bearings, and gears, owing to its favorable physical and
tribological properties, including high strength, low density, and
chemical resistance [5,6]. Nonetheless, PA11’s susceptibility to
oxidation, which leads to material degradation, highlights the
need for advanced stabilization technologies [6-10]. To improve
the tribological performance of PA11, ceramic coatings are
often employed. However, conventional vacuum-based coating
processes can be cost-prohibitive for thicker layers [11-15].
A more economical and scalable alternative is the Atmospheric
Pressure Plasma Deposition (APPD) method, which allows
the deposition of thick layers (>100 um) without the need for
a vacuum chamber [16,17]. In this research, an innovative mul-
tilayer Zn/MoS./graphite coating was applied to PA11 surfaces,
incorporating self-lubricating and self-healing functionalities.
These coatings, approximately 200 um thick, were deposited

using the APPD technique, which offers substantial benefits
such as eliminating the requirement for vacuum chambers, faster
deposition rates, and reducing the risk of surface degradation.
Furthermore, APPD is an energy-efficient and cost-effective
process, making it highly suitable for sustainable development
practices. This study proposes the use of APPD to apply MoS./
Graphite/Zn coatings on PA 11, significantly enhancing its wear
resistance. Molybdenum disulfide (MoS:), known for its low fric-
tion properties [18,19], is combined with graphite [20], another
effective lubricant, while zinc (Zn) serves as a binder. The key
features of these coatings include high adhesion, low friction,
dry self-lubrication, and self-healing capabilities.

2. Materials and methods
2.1. Coatings deposition

This powder includes MoS2 from OKS 100 (>97.7 wt.% of
purity), graphite MOS C80 from Tribotecc® (>87.8 wt.% of pu-
rity) and zinc from ECKART® (>95.6 wt.% of purity). The final
feedstock composition consists of 50 wt.% of MoS2, 25 wt.% of
graphite and 25 wt.% of Zn. The three-component powder was
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homogenised for 15 min. with a TURBULA® 3D shaker mixer
after which complete homogenisation was achieved. The exact
particle size distribution of the solid powders was determined
with a Bettersizer 2600 BT-802, which disperse the solid powders
in ethanol (>96%). Grains with an average diameter of 10 um
accounted for 9.332%. Grains with an average diameter of 50 um
accounted for 28.47% and grains with an average diameter of
90um accounted for 57.67%. The powder fractions, designated
as V4, were carefully optimized to enhance adhesion proper-
ties to the substrate and cohesion properties between the matrix
material (ZnO) and the dry lubricants (MoS,, graphite), aiming
to produce low-friction, wear-resistant coatings. The resulting
coatings were subjected to micromechanical wear tests using
a ball-on-disc contact method. The test parameters are provided
in the accompanying table.

2.2. Micromechanical tests (wear test)

TABLE 1
Tribometer setup in rotational mode (UMC Bruker) [1]
Wear Linear Number | . Applied | Hertzian
track Distance
. speed of cycles force stress
diameter
20 mm | 100 mm*s~'| 20000 | 1256 m |1 N (const.) | 68.5 MPa

2.3. Microstructure characterization

Microstructural characterization of the MoS./Graphite/Zn
coatings was conducted using scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). SEM
analyses were performed using in-lens detectors (Trinity) on
a DualBeam SCIOS II microscope (ThermoFisher). The same
microscope was also utilized for the preparation of thin foils for
TEM analyses. The DualBeam microscope, in addition to an
electron column for imaging, is equipped with an ion column
that uses a gallium (Ga+) ion beam for precise preparation of thin
foils from the specific points of interest for TEM analysis. This

SEM SE- cross section
(T2 detector)

preparation process is fully automated using the AutoTEM 4 soft-
ware. TEM analyses were carried out in bright field mode (TEM
BF), high-resolution mode (HRTEM), and using the scanning and
transmission technique (STEM). Phase analysis was conducted
using selected area electron diffraction (SAEDP) and HRTEM
techniques, while qualitative chemical composition analysis was
performed using energy dispersive X-ray spectroscopy (EDS).
These analyses were conducted on the THEMIS (200 kV) FEG
microscope (ThermoFisher).

3. Results and discussion

The coating should have self-lubricating and self-healing
properties. So to prove it as well as in order to precisely char-
acterize the changes in the microstructure of the coating caused
by mechanical load, I conducted observations on three selected
areas of the coating along the wear track. A change in micro-
structure was noted, depending on the applied load, ranging
from minimal at the edges of the track to maximum at its center.
The focused gallium ion beam technique combined with high-
resolution SEM microstructure analysis allowed for the precise
identification of places from which thin foils were subsequently
obtained for TEM analysis and cross-sectional analyzes were
performed. The first area was near the wear path, but from ob-
servation of the surface topography there was nowear (Fig. 1).

The coating was composite. The large, bright areas is zinc,
while the darker areas is MoS, or graphite. Looking at the cross-
section of the coating, an area of large grain zinc, layered gar-
phite and also layered MoS, were identified (Fig. 1b). Detailed
microstructure characterization on the cross-section was done by
TEM BF. It has been identified that in each of these three phases,
even though the thin foil was prepared not from the wear path but
from an area close to it, active wear mechanisms and structural
changes were found. Kinking deformation was characterized in
the MoS, region (Fig. 2).

Kinking deformation is another deformation mode which is
less common when compared with slip and twinning but is im-
portant for materials with high plastic anisotropy [21]. The for-

Fig. 1. Topography image done by SEM (SE) of wear track with indicated area for the following TEM characterization; a). plan view of the wear

track; b). cross-section of the wear track
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Fig. 2. The cross- section analysis of the coating close to the wear track done; a) TEM BF of the coating on the cross-section; b). TEM BF image
of the kinking deformation mechanism; c). IFFT image; d). scheme of the kinking deformation

mation of deformation kink bands is found in many anisotropic
materials. The model suggests cooperative initiation and/or
operation of the basal dislocations, followed by arrangements
of basal dislocations which align perpendicular to the slip plane.
This process is believed to be the basic process for deforma-
tion kink band boundary. The crystal structure of molybdenum
disulfide (MoS,) takes the form of a hexagonal plane of S atoms
on either side of a hexagonal plane of Mo atoms. These triple
planes stack on top of each other, with strong covalent bonds
between the Mo and S atoms, but weak van der Waals forcing
holding layers together. When it comes to the graphite phase area
and the wear process taking place there, wear mechanisms wear
also present (Fig. 3). Graphite has a giant covalent structure in

which: each carbon atom forms three covalent bonds with other
carbon atoms. The carbon atoms form layers of hexagonal rings.
There are no covalent bonds between the layers. Neighboring
planes are weakly bonded together through van der Waals
forces. The van der Waals bond is hence responsible for the
softness of graphite and for the fact that is a very good lubri-
cant. As aresult of the load caused by the external force applied
during the wear process, these bonds are broken, which leads
to delamination. In this way, several-layered graphite bands
are created (Fig. 3).

These bands can be deformed through the kinking deforma-
tion mechanism (Fig. 3(d), (¢)). This mechanism was previously
described using the example of MoS,. Analysis of the area closer
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Fig. 3. Microstructure characterization of the wear mechanism in the graphite phase; a). TEM BF image of the wear mechanism in the graphite
phase; b). higher magnification; c). scheme of the graphite atomic layers arrangement; a). TEM BF image of the kinking deformation in the
graphite phase; b). higher magnification of the kinking deformation effect
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to the wear center showed structural changes in the coating in
the cross-section (Fig. 4).

The self-healing mechanism of the coating structure is
already visible. Compared to the previously characterized
cross-section (Fig. 1), the coating in this area has a more layered
structure. Its structure is more fine (Fig. 4(b)). This was created
by cracking the zinc along basal slip planes, more or less evenly
spaced from each other (Fig. 5). As a result of the applied force,
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the cracking process occurred relatively quickly due to the very
limited range of plasticity.

Subsequently, the cracks enlarged and bands of MoS, or
graphite were inserted into these areas of the cracks between
the zinc fragments which was proven by qualitative analysis of
chemical composition (Fig. 6).

An alternating arrangement of zinc and the lubricating phase
(in this case MoS,) was created.

Fig. 4. a). Topography image of wear track with indicated area for the following TEM characterization; b). cross section characterization done

by SEM (SE)
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Fig. 5. Microstructure characterization of the cracking process in the Zn phase in the uploading process during wear done by TEM BF; a). TEM
BF image of the cracking process in Zn phase; b). scheme of crystallographic planes along which cracking appeared and illustration of the ten-
sile test of polycrystalline Zn as well as single crystalline phase; ¢). TEM BF of the cracks (higher magnification); d). SAEDP of the Zn phase



The relatively high magnification showed a very good
quality of adhesion of MoS, to Zn. This connection was created
during the coating wear process. This is the self-healing effect
of the structure (Fig. 7).

In the case of MoS,, the formation of a thin layer directly
adhering to the metal surface occurs not only as a result of
physical adsorption (as in the case of graphite), but also through
chemisorption, caused by the chemical reaction of sulfur ions
with metal atoms (Fig. 7b). After creating this layer, the uneven-
ness cavities are then filled with molybdenum disulfide mol-
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ecules until slip begins to occur between the MoS, layers. The
lubricating effects are the same as for graphite lubrication. This
creates slippage, i.e. a self-lubricating effect. The last location
analyzed was the center of the wear path. Looking at the cross-
section, there is little material left. Cross-sectional analysis was
performed using a TEM (Fig. 8). At the initial stage of the wear
process, the zinc grains were large enough to produce diffrac-
tion from a single grain (point diffraction) (Fig. 5), while at the
final stage (wear center), its structure was fragmented enough
to produce ring diffraction (Fig. 8).
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Fig. 7. Microstructure characterization of self-healing effect on the cross-section; a) TEM BF image; b) HRTEM image together with the scheme

of the atomic layers arrangement in the MoS,
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Fig. 8. Microstructure characterization of the coating from the center of the wear path on the cross-section done by TEM BF; a). TEM BF image

of the coating on the cross-section; b). SAEDP
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Qualitative analysis of the chemical composition of EDS
showed strong fragmentation of the structure. The metallic and
lubricating strands are relatively thin but still provide a self-
lubricating effect (Fig. 9).

The layered arrangement was confirmed by high-resolution
images. The layered arrangement of zinc and the lubricant phase
is visible. In the case of the lubricant phase, the number of com-
ponent layers was already small at this stage (Fig. 10).

100 nm

3. Conclusions

This study examines the structural dynamics of MoS, and
graphite under mechanical stress, highlighting key findings
that impact material performance. A significant observation
is the kinking deformation in both materials, which enhances
their structural adaptability under stress. The role of van der
Waals bonds is crucial, as these weak interactions facilitate

100 nm

100 nm

Fig. 9. Qualitative chemical analysis of the coating from the center of the wear path done by STEM and EDS

a) HRTEM

b) H RT E M (underfocused image)

Fig. 10. The HRTEM analysis of the coating from the wear center on the cross-section



the slippage of layers, vital for their lubrication properties.
As stress increases, the materials exhibit a transition to a finer,
multi-layered structure, showcasing their microstructural adapt-
ability. Zinc’s cracking along basal slip planes adds insight into
the wear mechanism. Notably, a self-healing effect is observed,
where cracks allow the insertion of MoS, or graphite bands,
preserving material integrity under cyclic loads. The research
also highlights the strong chemisorption of MoS, to metal sur-
faces, unlike graphite’s physical adsorption. This enhances the
self-lubricating properties of MoS,. Additionally, the transfer of
coating material to the counter-sample surface demonstrates the
material’s sustained lubricating capabilities. In conclusion, this
study provides valuable insights into the deformation, bonding,
and self-healing mechanisms of MoS, and graphite, confirming
their effectiveness as solid lubricants in various applications.

Acknowledgements

This work was financially supported by the: Projects “functional WOOD-
2print”, “ThermoMelt4PA” and “sustainableSLS” funded by Austrian
Research Promotion Agency (FFG), by the Federal Ministry of Agriculture,
Forestry, Regions and Water Management, through their funding program
“Think.Wood” of the Austrian Wood Initiative as well as within the statutory
work in the Institute of Metallurgy and Materials Science PAS- Z-14/2024

REFERENCES

[1] D. Kopp, M. Gleirscher, M. Stummer, L. Major, A. Hausberge,
S. Schlogl, J.M. Lackner, R. Kaindl, T. Prethaler, A.M. Coclite,
W. Waldhauser. Ternary low-friction coatings on thermoplastics
by plasma spraying: Investigations on the process-structure. Surf.
& Coat. Technol. 477, 130303 (2024).

[2] P.D. Neis, N.F. Ferreira, J.C. Poletto, J. Sukumaran, M. Andd,
Y. Zhang: Tribological behavior of polyamide-6 plastics and their
potential use in industrial applications. Wear 376-377, 1391-1398
(2017).

[3] S.F.A. Abdullah, S.S. Md Saleh, N.F Mohammad, S.N. Syed
Mahamud, M.F. Omar, H.Md Akil, B.P. Chang, H.R. Saliu,
N.H. Rostam, J. Gondro, Effect of Nitrate Acid Treated Dolomite
on the Tensile Properties of Ultra-High Molecular Weight Poly-
ethylene (UHMWPE) Composites. Arch. of Metall. and Mater.
69, 1,281-288 (2024).

[4] F. Song, Q. Wang, T. Wang, The effects of crystallinity on the
mechanical properties and the limiting PV (pressure velocity)
value of PTFE. Tribol. Int. 93, 1-10 (2015).

[5] M.A. Platon O. Nemes A.-E. Tiuc C. Vilau C.M. Dudescu,
S. Paduretu, The Influence of Process Parameters on the Mechani-
cal Behavior of a Composite Material Made from Mixed Plastic
Wastes. Arch. of Metall. and Mater. 67, 1235-1241 (2022).

(6]

(7]

[18]

[19]

(20]

911

M. Andd, J. Sukumaran, V. Rodrigez, P. Neis, G. Kalacska,
T. Czigany, P. De Baets, Development of new PA6 composites.
Mech. Eng. Lett.: Res. Dev. 5 (5), 145-154 (2011).

E. Abele, G. Reinhart, Zukunft der Produktion. Carl Hanser
Verlag GmbH & Co, Miinchen; ISBN 10: 3446425950 ISBN 13,
9783446425958 (2011).

B. Wendel, D. Rietzel, F. Kiihnlein, R. Feulner, G. Hiilder,
E. Schmachtenberg: Additive processing of polymers. Macromo-
lecular Materials and Engineering 293 (10), 799-809 (2008)

A. Gebhardt, Generative Fertigungsverfahren- Additive Manufac-
turing und 3D Drucken fiir Prototyping - Tooling - Produktion.
Carl Hanser Verlag, Miinchen, ISBN: 978-3-446-43651-0 (2013).
T. Oswald, E. Bauer, S. Brinkmann, K. Oberbach, E. Schmachten-
berg, International Plastics Handbook; 30th Edition, Carl Hanser
Verlag, Miinchen, Munich (2006).

L. Major, J.M. Lackner, M. Kot, B. Major, Nanostructural aspects
of the wear process of multilayer tribological coatings. Tribology
International, Elsevier 151, 106411 (2020).

L. Major, J.M. Lackner, M. Kot, R. Major, M. Dyner, B. Major,
Wear mechanisms description in nanoscale by SEM/TEM of
multilayer Zt/ZrN coatings in dependence on phases ratio. Journal
of Microscopy, Wiley (Royal Microscopical Society) 289, 3-19
(2023).

J.M. Lackner, W. Waldhauser, C. Ganser, C. Teichert, M. Kot,
L. Major, Mechanisms of topography formation of magnetron
sputtered chromium-based coatings on epoxy polymer composites.
Surf. Coat. Technol. 241, 80-85 (2014).

L. Major, R. Major, M. Kot, J.M. Lackner, B. Major, Ex situ and
in situ nanoscale wear mechanisms characterization of Zr/ZrxN
tribological coatings. Wear, Elsevier 404-405, 82-91 (2018).

M. Kot, Contact mechanics of coating-substrate systems: mon-
olayer and multilayer coatings. Archives of Civil and Mechanical
Engineering 12 (4), 464-470 (2012).

R.J.K. Wood, Multifunctional Materials for Tribological Applica-
tions. first ed., Pan Stanford, Hoboken, (2015).

D. Kopp, J.M. Lackner, R. Kaindl, R. Elter, M. Stummer, A. Hin-
terer, A.M. Coclite, W. Waldhauser, Low-friction, wear-protecting
coatings on polymers by atmospheric pressure plasma spraying.
Surf. Coat. Technol. 448, 128930 (2022).

T.W. Scharf, S.V. Prasad, Solid lubricants: a review. J. Mater. Sci.
48 (2), 511-531 (2013).

B. Bhushan, Modern Tribology Handbook. first ed., CRC Press,
Boca Raton, (2000).

F.P. Novais Antunesa, V.S. Vaissa, S.R. Tavaresa, R.B. Capazb,
A.A. Leitdo, Van der Waals interactions and the properties of
graphite and 2H-, 3R- and 1T-MoS2: A comparative study. Com-
put. Mat. Sci. 152, 146-150 (2018).

J. Washburn, E.R. Parker, Kinking in Zinc Single-Crystal Tension
Specimens. JOM 4, 10, 1076-1078 (1952).



	N. Muthukumaran￼1*, B. Arulmurugan￼1, R. Sureshkumar￼2, R. Bharathikanna￼3
	Evaluation of Microstructure, and Mechanical Properties of Superalloy 59 
and 904L Dissimilar welds using Hot Wire Turbo TIG 

	M. Ali I. Alwakwak￼1, I. Esen￼1*, H. Ahlatcı￼2, E. Keskin￼2
	Effects of Yttrium and Lanthanum Elements on the Microstructure 
and Wear Behaviour of Magnesium

	Zhixin Wang￼1*, Jiangtao Li￼1, Mengjie Pei￼1, Mingxing Ma￼2, Xiaozhe Cheng1, 
Qian Zhang1, Xiaoyan Guan1, Huili Ding1, Shaopei Jia1, Qisong Li1, Quan Huang1*
	Microstructures and Mechanical Properties of Different Mass Fractions of Ti-Coated Diamond/FeNiCrCuAl High Entropy Alloy Composites Prepared by Spark Plasma Sintering

	M.U.H Suzihaque￼1*, N.A.M. Jamil1, S.N.Z. Sahabuzan1, 
H. Alwi1, S.F. Abd Karim1
	Effects of High-Pressure Process (HPP) Treatment of Tempoyak 
on Microbial Growth

	S.Ch. Kundurti￼1, A. Sharma￼1*
	Enhancing Mechanical, Thermal, and Tribological Properties of AA7075 Surface Composite 
with rGO-MWCNT Hybrid Reinforcement via Friction Stir Processing

	R. Arivumani￼1, C. Ramkumar￼1*, D. Rajasekaran￼1, M. Palanisamy￼1, 
J. Sridharanidharan￼1, N. Dhanaraj￼1, S. Deenadhayalan￼1
	Processing of Ceramic Matrix Composites by RMI Technique and Characterization 
of the (Al, Si, B4C) Components of Composites

	A. Ahmed￼1*, K. Matsuda2*, S. Lee2, T. Tsuchiya2, K. Nishimura2, N. Numomura2, 
H. Toda3, K. Hirayama4, K. Shimizu5, M. Yamaguchi6, T. Tsuru7
	Characterization of the T'-Phase Interface in Al-Zn-Mg Alloy Along 
the <112> Zone Direction of Al-Matrix


