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In the present work, we overview the multidisciplinary development of a regular,

lubricated, hermetic compressor which works in an on-off cycle, circular motion,

single-speed, many tribological contacts, into an innovative, linear motion, variable

displacement, single tribological contact, oil-less hermetic compressor presenting

high versatility in terms of refrigerator design, sustainability and improved efficiency.

The original approach encompassed the development of new surface engineering

procedures applying purpose-oriented phases to soft substrates. Particular emphasis

is given to the in situ fluorination of the tribolayer formed in the piston-cylinder tribopair.

Although chlorinated halocarbons (CFC) are efficient refrigerants from a thermodynamic

point of view, they do have serious environmental implications that have forced the

refrigeration industry to switch to more environmentally friendly hydrofluorocarbon

(HFC) based refrigerants. The first and most successful alternative to the CFCs was

tetrafluorocarbon, particularly tetrafluoroethane (CF3CH2F), aka R134a refrigerant. The

current trend to downsizing mechanical systems, smaller clearances, and increased

speeds leading to greater energy efficiencies associated with miscibility issues imposing

the use of costly, fully synthetic lubricants with the R134a refrigerant gas led to the

introduction of a new hermetic compressor design, the Wisemotion®, the first, and until

now, unique, oil-free hermetic compressor on the world market. In this context different

types of multi-layers, their thickness, substrate material, processing routes, etc., have

been studied and optimized. Si-rich hydrogenated DLC (a:C-H) presented enhanced

tribological properties when tested under fluorine-rich atmospheres, and semi-industrial

scale tests have been carried out to understand this point further. A homemade

tribological emulator was developed allowing close-to-real tribopair, atmosphere, and

imposedmechanical conditions used in an oil-free commercial hermetic compressor. The

tests were carried under different stroke frequencies (5, 20, and 40Hz) and atmospheres

(R134a, ambient air, and argon). Results showed a strong influence of both atmosphere

and stroke frequencies. The friction coefficients were significantly lower (∼3.8X) for the

refrigerant gas atmosphere, attributed to the fluorine and highly disordered graphitic

structures rich tribolayers. Under the high frequency (40Hz), the energy input seems

to be a deterrent to the formation of stable tribolayers, and the DLC coating shatters on

the first few sliding meters.
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INTRODUCTION

In total, 23% of the world’s total energy consumption originates
from tribological contacts, and the introduction of new
technologies to improve the tribological efficiency of mechanical
systems could amount to the annual saving of 1.4% of the Gross
Domestic Product (GDP) on a global scale (Holmberg and
Erdemir, 2017). The vast number (∼3 billion) of heat pump
systems, air-conditioning, and refrigerators operating worldwide
makes the refrigeration industry substantially contribute to
this figure (International Institute of Refrigeration, 2015).
Furthermore, household refrigeration represents 7.3% (and
17% for air conditioning) of residential energy consumption
in the USA (U.S. Energy Information Administration, 2015),
30-40% in China (Cheng et al., 2011) and 30% in Brazil
(Boeng and Melo, 2014).

Several challenges require that the refrigeration industry
keep a continuous innovation program by research and
development to achieve high energy efficiency, high-reliability
levels, low noise, and environmental regulations. For instance,
the chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons
(HCFCs) are excellent refrigerant fluids. Yet, depending on their
high global warming potential (GWP), the CFCs were banned
from refrigeration applications with the signature of theMontreal
Protocol by 197 countries in 1987. Even the HCFCs are in the
process of being phased out. Table 1 presents details on some of
the most common refrigerant fluids. The banishment of CFCs
has driven humanity to the use of hydrofluorocarbons (HFCs),
such as tetrafluoroethane (CF3CH2F), aka R134a refrigerant, and
more recently, the environment-friendly hydrocarbon isobutene
(R600a) (Cannaday and Polycarpou, 2005; de Mello et al., 2009).
Tetrafluoroethane was the first and most successful alternative
to the CFCs, and it’s still widely used by the refrigeration
industry, with applications varying from domestic refrigeration
to automotive air conditioning.

Moreover, HFCs’ incompatibilities with mineral oils have
also induced a change from the mineral type to polyol ester
(POE) or polyalkylene glycol (PAG) lubricants. Miniaturization
and the worldwide tendency to reduce lubricant oils and their
additives also affect the refrigeration industry. One of the

TABLE 1 | Lifetime, ozone depletion potential, halocarbon global warming potential, toxicity, and air flammability of main refrigerant fluids used in the refrigeration industry

(Calm, 2000).

Refrigerant Lifetime (years) ODP GWP Toxicity Air flammability

LEL (%vol) UEL (%vol)

CFC R12 100 1 10900 TLV=1,000 ppm Not flammable

HCFC R22 11.8 <1 1900 TLV=1,000 ppm Not flammable

HFC R 134a 13.6 0 1600 WEEL=1,000 ppm Not flammable

Propane R290 Months 0 11 TLV=1,000 ppm 2.1 9.6

Butane R600 Weeks 0 < 5 Slightly anesthetic 1.5 10.1

TWA= 800ppm

Isobutane R600a < 1 week 0 < 0.01 Slightly anesthetic-TWA= 800ppm 1.7 9.7

ODP, Ozone depletion potential; GWP, Global warming potential; TLV, Threshold limit value; TWA, Time-weighted average; WEEL, Workplace environmental exposure limit; LEL, lower

explosive limit; UEL, Upper explosive limit.

major impacts is the increase in the severity of the tribological
contacts in hermetic compressors. Besides, many compressor
components operate in the boundary and mixed lubrication
regimes (Pergande et al., 2004).

The regular hermetic compressor is a relatively complex
mechanical system containing the electric motor, the mechanical
kit, the lubricant, and the refrigerant in a hermetic chamber. It
must have a very long lifetime (10 years warranty operating in
extremely different conditions), stringent tolerances, and uses
very low viscosity oils (in order to reduce viscous losses). The
regular compressor, Figure 1A, works in an on-off cycle (high
losses due to boundary and elastohydrodynamic lubrication
regimes), circular motion, single speed, many tribological
contacts, oil for lubrication.

The efficiency of hermetic compressors has increased
incrementally for the last 40 years. In this context, solid
lubrication and solid lubricants began to appear as potential
choices for governing friction and wear in hermetic compressors.
Additionally, since the thermodynamic efficiencies of
refrigeration cycles increases, if the reduction in refrigerant
flow is minimized or even eliminated, the interest in the
evolution to oil-less compressors is undeniable (Solzak and
Polycarpou, 2006). Therefore, in the mid-2000s, the scenario was
opportune for developing an entirely new concept, which created
a real paradigm shift, able to meet the latest environmental
and tribological requirements, including a transition toward an
oil-less compressor (Barbosa et al., 2015).

However, the classical tribological literature (Jost, 1990)
clearly shows that a lubrication system modification is
insufficient to produce real and relevant progress. To obtain a
substantial and significant evolution we must consider all the
multi/inter disciplinary aspects of tribology.

DEVELOPMENT OF OIL-LESS HERMETIC
COMPRESSORS

Wisemotion®

Our research group participated intensively in a research and
development program that culminated with introducing a new
generation of oil-free hermetic compressors. Wisemotion R© is
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FIGURE 1 | Hermetic compressor designs. (A) Regular. (B) Wisemotion®.

the first and, until now, unique, oil-free hermetic compressor
on the market, and its development led to around 80 patents
(Embraco, 2019). In contrast with regular compressors, the
Wisemotion R© mechanism, Figure 1B, performs only linear
reciprocating movement and has a single tribological contact, the
piston-cylinder pair that compresses the refrigerant fluid.

The Wisemotion R© is smaller, much smaller than the previous
generations. It means that it is possible to free up to 20 liters of
cabinet space and to introduce new designs and architectures for
refrigerators. The Wisemotion R© is a top efficiency compressor
and complies with some of today’s strictest efficiency regulations.
Additionally, it is very silent, about 10 dB quieter.

Our research group’s main contribution is related to
the unique tribological contact (piston-cylinder), particularly
the piston.

Diverse inorganic materials (e.g., transition-metal, graphite,
hexagonal boron nitride, boric acid, polymers, Diamond Like
Carbon–DLC, etc.) can provide excellent lubrication (Lancaster,
1984; Lansdown, 1999; Erdemir, 2001). Common sense suggests
using coatings, ensuring that the surface properties are sufficient
to meet the tribological requirements (low friction and high
wear resistance) of the system, as an ideal solution. For hard
substrates such as hardened steels and cermet (WC-Co), the
use of hard solid lubricant coatings has been widespread
with great success (Rechberger et al., 1993; Holmberg and
Matthews, 1994). However, spalling induced by high stresses
generally promotes low adhesion in hard coatings-soft substrate
systems associated with small and cheap components needed
to be manufactured on a large and economically efficient scale
(Holmberg and Matthews, 1994).

We started by carrying out a very comprehensive screening
of commercially available coatings applied onto various soft
substrates, Table 2.

This resulted in developing a newmethodology to characterize
coatings (de Mello and Binder, 2006); a very interesting,
unpublished, proprietary ranking of the available coatings
encompassing the average steady-state friction coefficient within
the lubricious regime (µ ≤ 0.2), the scuffing resistance, the
micro-abrasion wear coefficient, and the characterization of the
wear mechanisms.

Initially, a new methodology allowing short test time
with good discrimination between multifunctional layers was
developed (de Mello and Binder, 2006). The protocol is based

TABLE 2 | Commercially available solid lubricants based coatings.

Denomination Substrate Coating

A Polytetrafluoroethylene Polytetrafluoroethylene

B Commercial aluminum DLC

C Commercial aluminum MoS2 dispersed in inorganic binder

D Anodized aluminum MoS2 dispersed in inorganic binder

E Commercial aluminum MoS2 dispersed in organic binder

F Anodized aluminum MoS2 dispersed in organic binder

G AISI 1020 steel A:CH

H Al 6351–T6 A:CH

I Gray cast iron A:CH

J AISI 1020 steel Polyamide + PTFE

K Al-12%Si Polyamide + PTFE

L Al 6351–T6 Polyamide + PTFE

M Anodized Al Polyamide + PTFE

N Gray cast iron Polyamide + PTFE

O Sintered Iron Polyamide + PTFE

P AISI 1020 steel MeC:DLC

Q Gray cast iron MeC:DLC

R Sintered Iron MeC:DLC

S - PEEK+Graphite+PTFE

T AISI 1020 steel NiP+PTFE

U Al 6351–T6 NiP+PTFE

V Anodized Al NiP+PTFE

X Gray cast iron NiP+PTFE

Y Sintered Iron NiP+PTFE

Z AISI 1020 steel Me:MoS2

AA Al 6351–T6 Me:MoS2

BB Al-12%Si Me:MoS2

CC Gray cast iron Me:MoS2

DD Sintered Iron Me:MoS2

on the incremental normal load technique. By increasing the
normal load in increments at a constant time interval, the surface
durability of both the hard layer and the solid lubricant coating
is determined (de Mello and Binder, 2006). Besides, the average
steady-state friction coefficient within the lubricious regime (µ
<0.2) is obtained.

Again, the literature provides judicious advice. Donnet and
Erdemir (2004) synthesizing more than 2,000 published papers,
stated that: there exists no single solid lubricant that can provide
both low friction and wear over broad substrate hardness,
temperatures, and environments use conditions. Multifunctional
surface engineering processing route combining customized
layers applied to soft substrates allows the combination of high
wear resistance, load support, and low friction coefficient (de
Mello and Binder, 2006). Our main conclusions pointed to
multilayer, multipurpose coatings, with hydrogenated DLC as the
low friction top layer.

Diamond-like carbon (DLC) coatings are defined as a
metastable form of amorphous carbon (a-C) or hydrogenated
amorphous carbon (a-C:H) prepared by a wide variety of PVD
and CVD techniques. The film structure and properties are
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determined by the Hydrogen content and the relative proportion
of sp2 and sp3 carbon hybridizations.

With excellent wear resistance, DLC-based tribosystems have
very low dry friction coefficients, among the lowest (0.1<
µ <0.2) reported in the literature (Brookes and Brookes, 1991;
Feng and Field, 1991; Miyoshi, 1995; Erdemir et al., 2000a,b;
Field, 2012). Values as low as 0.01, associated with extremely
low wear rates (10−9-10−10 mm3/N m) are frequently reported
(Erdemir et al., 2000a,b; Donnet and Erdemir, 2008) which
are (Grill, 1997; Erdemir et al., 2000a,b; Donnet and Erdemir,
2008). Si addition to DLC (Si-DLC) besides improving surface
roughness and adhesion strength (Oguri and Arai, 1991) induces
low friction, high durability, and stability against humidity
and temperature.

The nature of the substrate, DLC and load-bearing films, their
respective thicknesses, the nature of the counter faces, together
with the environmental conditions, are of paramount importance
and play an essential role in friction and wear control of DLC-
based tribosystems (Franks et al., 1990; Oguri and Arai, 1991;
Donnet and Grill, 1997; Voevodin et al., 1999; Erdemir et al.,
2000a,b; Erdemir, 2001; Ohana et al., 2004a,b; Vercammen et al.,
2004; Cho et al., 2005; Donnet and Erdemir, 2008).

In this sense, the genesis, stability, and nature of a tribolayer
on the sliding contact appears as the key for obtaining low friction
and long wear life in most solid-lubricated systems. The nature of
the counter faces can significantly influence the size and nature of
the transfer layer (both of which sometimes differ from the initial
composition of the film) (Erdemir, 2001).

In this context, our group has been dealing with different
kinds of DLC as low friction top most layer, different nitrides
as load bearing/wear resistant layer, the thickness of these layers,
low carbon steel and cast iron (gray and nodular) as substrate,
the nature and geometry of the counterbody and, of course, the
surrounding atmosphere.

Layers Nature and Thicknesses
Lara et al. extensively analyzed the effect of the thickness of
DLC and CrN layers on hardness, scratch resistance, interface
adhesion and sliding wear of proprietary magnetron sputtered
diode multifunctional CrN-Si-rich DLC coatings deposited onto
soft (120 HV) AISI 1,020 carbon steel substrates (de Mello,
1983; Lara and De Mello, 2012; Lara et al., 2015). The sliding
wear tests, in particular, used a 3D triboscopic maps based
original approach.

Averaging the measured variable after steady-state conditions
are reached is the leading technic used for data evaluation
of tribological tests. Triboscopy, initially proposed by Belin
(1993) and recently enhanced by dos Santos et al. (2015)
is another potential and versatile approach that allows the
location of microscopic tribological events as well as to
know their evolution while providing information with
both local details and global evolution of the tribological
phenomena (Zhu et al., 2010).

The thicknesses of both layers were varied and the specimens
could be grouped into two families: thicker and thinner coatings.
Previous works extensively characterize the main coatings
characteristics, e.g., Raman spectroscopy, thickness, mechanical

properties of the coating layers and substrate (Lara and DeMello,
2012; Lara et al., 2015). The ball-on-flat reciprocating sliding tests
were carried out in a tribometer Plint TE 67 using a frequency
of 2Hz and a stroke length of 10mm at room temperature
conditions (Lara et al., 2015).

Incremental load (7N every 10min) 3D triboscopic maps are
shown in Figure 2. No significant variation could be observed for
the durability of the coatings (Lara et al., 2015). However, thinner
coatings presented the lowest average friction coefficient (0.07
vs. 0.11 respectively) within the lubricious regime. For thicker
coatings, the very first friction coefficient (0.07) progressively
increases as the normal load is incremented up to 105N when
the lubricious regime ends (Figure 2A). In contrast, for thinner
coatings, the friction coefficient starts around 0.1, stabilizes at
∼0.07 up to 112N (Figure 2B).

Contact potentials for both samples (Figures 2C,D) are
initially high (around 50mV), which is typical of DLC-metal
insulated contacts, and then decrease to values around zero,
when the friction coefficient rises above 0.2, indicating a non-
insulating contact. Very good matching was found between the
friction coefficient maps and the contact potential maps for all
the tested samples.

Typical friction triboscopic maps for the constant load
tests showed that the family of thinner coatings presented a
reasonably stable friction coefficient throughout the test, with few
oscillations. In contrast, the thicker coatings presented higher
friction coefficients in the region where spalling of the DLC
coating could be detected, Figure 3.

Wear rates on the thinner layers were up to five times
lower than the thicker ones, on the samples and their
associated counterbodies. Thus, even though both layers have
presented similar friction coefficients and durabilities within the
lubricious regime, the thinner coatings presented better overall
tribological behavior.

To analyze the influence of the coating thickness on the stress
distribution, the results above were compared to, and are in
accordance with, indentation tests and simulations made using
the commercial software FilmDoctor R© (Lara andDeMello, 2015;
Lara et al., 2015).

To further understand the influence of the nature of the load-
bearing layer, we developed, using Plasma Enhanced Chemical
Vapor Deposition (PECVD), an in house proprietary coating
registered as CHИ

R© (Shioga et al., 2016). The multifunctional
coating consisted of a load-bearing layer (plasma nitride layer),
and a low friction layer (DLC) deposited onto soft, low carbon
steel (AISI 1,020).

Plasma nitriding is a diffusive thermo-chemical treatment
that increases the surface hardness in steels and metallic alloys
(Spalvins, 1983; Maliska, 1995; Pinedo and Monteiro, 2001; de
Mello et al., 2010; Zhu et al., 2010).

Plasma nitriding processes generate little waste, require few
consumables, and are easier to control than other nitriding
processes (Spalvins, 1983). Additionally, the costs of the process
comply with the industry requirements (Spalvins, 1983; Maliska,
1995; Pinedo and Monteiro, 2001; Zhu et al., 2010). Different
nitride phases can be obtained by tuning the control variables
for the plasma nitriding. Literature indicates that different gas
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FIGURE 2 | Typical triboscopic maps for the durability tests. (A) Friction coefficient, thick layers. (B) Friction coefficient, thin layers. (C) Contact potential, thick layers;

(D) contact potential, thin layers, (E) normal load map (Lara et al., 2015).

mixtures used in the process can originate different hardness
profiles and case depths (Karakan et al., 2002).

Three distinct nitride layers were synthesized: one compound
layer mostly formed by an ε (Fe2−3N) phase, one compound
layer predominantly γ’ (Fe4N), and one diffusion layer. All three
surfaces received the same DLC coating. Shioga et al. depict in
detail the processes and characterization techniques used in the
work (Shioga et al., 2016).

The adhesion of the coatings was determined using an
improved version of the technique described by the German
standard VDI3198 (VDI, 1992). DLC layers on top of the
composite ε and γ’ layers were themost resistant to delamination.
In contrast, the delamination of the DLC layers deposited on the
diffusion layers was almost two times larger.

The tribological performance of multipurpose coatings
(composed of a DLC and a nitride Layer) was analyzed
via the durability test method proposed by de Mello
and Binder (de Mello and Binder, 2006). All specimens
behaved similarly in the lubricious regime. Nevertheless,

a significant variation was found in the friction coefficient
as well as in the extent of the lubricious regime. The DLC
deposited over the diffusion layer performed the best,
with the durability of 13.000N.m and friction coefficients
around 0.05 (the lowest). The g’ layer coated with DLC
demonstrated the worst performance; tests performed on
that system have failed in the first few minutes, presenting
durability of 600N.m. The average friction coefficient was the
highest (0.2).

Regrettably, the topographical features of the samples
are altered by the plasma nitriding process, which
usually increases the roughness to the micrometer range
(Jeong and Kim, 2001; Dalibon et al., 2013), directly
affecting the mechanical support for the DLC (Karakan
et al., 2002; Masuko et al., 2013), and is strongly
influenced by the hollow cathode effect (HCE), as recently
demonstrated by Lamim et al. (2019). The initial roughness
also influenced the case depths of the nitride layers
(Singh et al., 2006).
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FIGURE 3 | Typical constant load sliding test, 1 h, 7N. (A) Laser interferometry image of the wear track; (B) friction 3D triboscopic map (Lara et al., 2015).

Substrate
Substrate Surface Finishing
To understand how the surface finishing (five different
conditions) of a soft substrate influences the tribological behavior
of hydrogenated amorphous carbon (a-C:H) films, DLC coating
was applied on plasma-nitrided low carbon steel substrates.
Both processes happened in a single PECVD batch (Soprano
et al., 2018). The mechanical properties and bonding structures
of the a-C:H films are negligibly affected by the substrate
topography. Two groups of samples were originated from
the deposition process, regarding their topography: (a) Rough
(0.17<Sq<0.23µm) and (b) Smooth (0.08 <Sq <0.11 µm).

Incremental normal load reciprocating dry sliding tests in
ambient air revealed friction coefficients of 0.09 (Rough) and
0.05 (Smooth), which suggests that the formation and stability
of tribolayers are impaired on the rougher substrates, leading
to higher friction coefficients. For smoother substrate surfaces,
graphite-rich tribolayers were formed in the counter bodies
yielding substantially lower friction coefficient values (∼0.04)
but higher wear of the coating. Since plasma nitriding treatment
notably alters the surface topography of smooth surfaces,
producing substrate surface finishing beyond Sq = 0.06µm to
obtain friction coefficients ranging from 0.04 to 0.06 is pointless.

Enabling the use of DLC multifunctional coatings on lower-
cost substrates while preserving the tribological and mechanical
performance of the system is undoubtedly a current challenge in
the industry and demands additional research. Gray cast irons

(GCI) and nodular cast irons (NCI) arise as potential candidates
to fulfill the demand due to their vast industrial applications
such as large stamping tools (Corbella et al., 2004), automotive
parts (Sánchez-López et al., 2003; Podgornik et al., 2008; Maurizi
et al., 2014), household appliances industry (Agarwal et al., 2013),
among others. Despite that, a small number of studies concerning
GCI and NCI tribological behavior when used as a substrate for
DLC coating was found in the literature (Andújar et al., 2003;
Corbella et al., 2004; Podgornik et al., 2008).

Substrate Nature
To help bridge this gap, a tribological investigation was
performed on a-C:H films deposited onto nitrided gray and
nodular cast irons. Significant topographical differences between
both substrate materials were induced mainly by the nitriding
process, where wedges of more than 5µm formed on GCI near-
surface graphite flakes, Figure 4 (Giacomelli et al., 2017). These
wedges played a paramount role in the tribological behavior.
They were created in regions where the graphite flakes were
located near the surface, and they frequently covered entirely
the graphite that was previously exposed (Figure 4e). After
DLC deposition (2.5µm thick), little modification was observed
compared to the nitrided surface, as shown by the very similar
topographic parameters.

Coated samples of both substrates presented similar scuffing
resistance when tested under incremental load (reciprocating).
However, coated GCI samples systematically showed an
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FIGURE 4 | Topography evolution with WLI and SEM analyzes for Gray Cast Iron (GCI), polished (a,d), nitrided (b,e) and with DLC (c,f) (Giacomelli et al., 2017).

unexpected low friction coefficient during most of the lubricious
regime (0.06). In contrast, the NCI presented a steady 0.15
friction coefficient during the whole extent of the durability
tests. The presence of tribolayers covering a considerable
extension of the wear marks governs the low friction coefficient
of coated GCI. Such phenomenon is explained by the highly
disordered graphitic structure of the tribolayers, confirmed via
Raman analysis and reported to provide low shear strength.
Another consequence of the formation of these tribolayers is the
smoothening of the contact region, reducing the contact severity
of the asperities found on coated GCI samples. This effect
contributes to the maintenance of the system in a self-lubricating
regime for more extended periods. On the other hand, NCI-LR
interrupted test revealed that such tribolayers were not found
since the few debris particles available were piled-up inside
valleys, not effectively contributing to a reduction in friction
coefficient in that case. Finally, the wear volume of NCI was 2.4
times lower once there was not a brittle wear mechanism like the
one found for coated GCI.

As evidenced, graphite regions near the surface in both
substrates play a key role in thin-film applications, especially
considering these graphite sites represent mechanical voids
regardless of their morphology and, thus, spalling of coatings
such as DLC may appear in these regions during tribological
contact (Salvaro et al., 2017). Due to the cruciality of this
aspect, surface treatments were developed by different research
groups to remove all near-surface graphite before the nitriding
of similar materials (Karamiş and Yildizli, 2010; Zenker et al.,
2013). Another critical issue is the relatively low hardness of
cast iron metallic matrixes, which induced the necessity of
the development of suitable mechanical support layers, being
the nitriding of ferrous substrates a commonly used solution
(Agarwal et al., 2013; Ebrahimi et al., 2015; Shioga et al.,
2016; Giacomelli et al., 2017). However, as reported, the plasma
nitriding of gray cast irons strongly affects its topography,

generating wedge-like features (Rolinski et al., 2007, 2009).
Factors such as graphite flakes orientation relative to the surface,
volumetric expansion during the nitride layers formation, weak
graphite-matrix adhesion and nitrided layer interruption by
graphite would play a vital role in the formation of wedges
(de Mello, 1983; Dalibon et al., 2013; Shioga et al., 2016). In
Figure 5, a scheme for each graphite flake orientation is shown.
The most critical case is when the graphite flake is skewed to the
surface. Weak graphite-matrix interaction, interruption of the
nitride layer and an intense local volumetric expansion happen
simultaneously, systematically leading to the formation of wedges
(Figure 5B). If the graphite flake is vertical, although there is
an interruption of the nitride layer, no intense nitriding occurs
since there is no barrier for the diffusion of nitrogen. Thus, less
volumetric expansion occurs locally and no wedge formation was
observed (Figure 5C). When the graphite flake is parallel to the
surface, there is no interruption of the nitride layer, inhibiting the
formation of wedges (Figure 5D). However, these locations can
easily nucleate defects on the surface (de Mello, 1983).

Counterbody Geometry and Nature
Finally, the effect of the counterbody geometry and nature
and the potentiality of using multifunctional coatings as an
auxiliary mechanism in mixed lubrication were evaluated
(Salvaro et al., 2017).

A multifunctional coating strategy was applied using a
nitride layer for mechanical support, followed by a silicon-rich
interlayer to enhance the adhesion of the uppermost a-C:H
coating. Cylinder-plane tribopair configurations with coated and
uncoated GCI surfaces were evaluated under lubricated and
dry conditions. The low viscosity (4.2 cSt), linear alkylbenzene
oil associated with BTP anti-wear additive was used as a
lubricant. Four distinct reciprocating cylinder-plane configurations
(horizontal cylinder sliding without rolling against a plane) were
tested in dry and lubricated conditions: DLC coated plane on a
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FIGURE 5 | Scheme showing different situations for the wedges formation (A). Particular cases of graphite flakes orientation to the surface. (B) Askew, (C) vertical,

and (D) parallel (Giacomelli et al., 2017).

GCI cylinder, a DLC coated cylinder vs. a GCI plane, a DLC coated

cylinder vs. a DLC coated plane, and a GCI uncoated cylinder
against a GCI uncoated plane (Salvaro et al., 2017).

In general, GCI surfaces presented ductile abrasive wear, while
the DLC surfaces exhibited brittle wear (spalling) regardless
of the test condition (dry or oil-lubricated). For dry tests,
the smoothening of the contacts generated wear debris on
the contact, favoring the genesis of tribofilms that govern the
tribological behavior. Additionally, for both coated and uncoated
horizontal cylinder surfaces, the DLC presence on the plane
surface increases the dry friction coefficient. For lubricated tests,
the formation of a BTP-rich on the uncoated surfaces played a
crucial role in governing the wear rate.

As mentioned, the surrounding environment is a fundamental
factor in the genesis and establishment of the tribolayer, which
in turn, governs the tribological behavior. Consequently, a great
effort was dedicated to understanding how the environment
(air, CO2, Argon, R134a, and R600a) affects the tribological
performance of a proprietary, Si-rich multilayer DLC coating
deposited on soft AISI 1020 steel.

Surrounding Atmosphere
Finely ground (Sq = 0.23 ± 0.025µm) AISI 1,020 soft
steel disks were coated with multifunctional CrN-Si-rich DLC
by magnetron sputtering PVD. The tribological tests were
conducted in a specially designed high-pressure tribometer
(HPT) to simulate the hermetic refrigeration compressor
condition. Yoon et al. (1998) present a detailed HPT description.
In contrast, the tribological test procedures and specimens’
features were well detailed and explained in a previous paper (de
Mello et al., 2009).

To assess the effect of a typical hermetic compressor
refrigerant atmosphere, dry (unlubricated) tests were carried
out in CO2 and R600a at 0.1MPa environmental pressure.
As a reference, identical tribological tests were performed

in unpressurized laboratory ambient air (45% relative
humidity, 20 R©C).

Tests performed with R600a presented the best wear
performance of both specimens and counter-bodies, along with
the lowest mean friction coefficient. In contrast, air atmosphere
induced the highest ones (234, 52, and 266% higher, respectively).
The wear mechanisms act mainly on the prominent asperities of
the topography. There was a clear inverse correlation between
the tribological behavior and surface topography as evidenced
by the reduced peak height (Spk) surface parameter (derived
from the Abbot and Firestone curve) and the surface evolution
to sharper and negatively asymmetrical (as compared to the
Gaussian distribution), as observed in the morphological space
(de Mello, 1983).

EDS and Raman analyzes do not present significant
differences between wear marks on the specimens. Therefore,
the authors assumed that the tribolayers on the counter bodies
play a crucial role in the tribopair behavior. All Raman
spectra presented smaller bands at lower Raman shift. These
bands can be related to the iron oxide formed due to the
tribochemical reaction of the counterbody (steel pin) with the
surrounding atmosphere.

The tests with R600a refrigerant gas presented typical G and
D bands. In contrast, spectra related to CO2 and air have shown
only a broad peak at around 1,300 cm-1; e.g., the G band was not
detected. Since this peak could not be unambiguously assigned
(de Mello et al., 2009), the superior tribological performance
induced by the R600a atmosphere is likely to be due to the
presence of the graphitic structure in the tribolayers as indicated
by the presence of a strong G-band in the spectra.

In other studies (Silverio et al., 2010, 2016) using a different
environmental chamber, we compared the influence of HFC-
derived (R134-a) atmosphere on the tribological behavior of
the same multi-purpose coating. There was a clear increase in
surface durability. This was attributed to incorporating fluorine
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FIGURE 6 | Comparison of the Raman spectra of tribolayers obtained in

atmospheres of argon, R134-a and the original DLC (Barbosa et al., 2015).

(from the gas CH2-FCF3) into the tribolayer present in the
counterbody, as evidenced by the EDS analysis.

This trend was confirmed by another more fundamental and
in-depth study (Barbosa et al., 2015). We studied, using scanning
electron microscopy (SEM), micro-Raman spectroscopy, and
glow discharge optical emission spectroscopy (GDOES), the
physical-chemistry of the tribolayers formed on AISI 304
stainless steel rubbed against a 52,100 cylinder coated with DLC
under a special (refrigerant R134a) atmosphere. The DLC coating
was obtained via PECVD in a semi-industrial scale reactor. The
DLC filmwas 2.5µm thick and presented a silicon-rich interlayer
to improve adhesion to the substrate. The tribological tests were
performed in a tailor-made, high-stiffness tribometer containing
a hermetic chamber to control the atmosphere, as well-described
in a previous paper (Barbosa, 2014).

The noisy Raman spectra associated with tribolayer produced
in tests carried out in the R134a atmosphere exhibit the G
and D bands characteristic of DLC. Also, a low Raman shift
(720 cm−1) can be observed. It was attributed to chromite, an
iron chromium oxide (FeCr2O4). Besides, the spectra showed a
sharp peak at around 1,120 cm−1 that does not coincide with
any of the possible usually formed iron oxides (de Mello et al.,
2009). A set of new tests were carried out using argon as the
surrounding atmosphere to clarify this point. The results show
a high similarity between the Raman signal obtained and those of
the original DLC coating (Figure 6). Therefore, the peak at 11,20
cm−1 was not detected. According to the literature, the DLC
fluorine doping increases the ID/IG ratio, i.e., the D band intensity
increases relatively to G band, which is evident when compared
the spectra (Yu et al., 2003; Marciano et al., 2010). Another
result supporting this hypothesis is the higher friction coefficient
presented by the tests carried out in the argon atmosphere
compared to R134a tests (0.18 and 0.12, respectively), clearly
indicating the potentiality of the in-situ fluorination of tribolayers
formed in fluorine-rich atmospheres, such as R134a.

In synthesis, tribological properties of DLCs are usually
governed by the formation, stability, and composition of

tribolayers which, in turn, are a function of the contact
parameters, especially pressures and temperatures (Holmberg
et al., 1998; Barbosa et al., 2015; Salvaro et al., 2016, 2017;
Wong and Tung, 2016). They result from continuous reactions
between the surfaces in tribological contact and the surrounding
atmosphere, lubricants, and even contaminants.

The tribolayers contain high disordered graphite (solid
lubricant), which is derived from the hydrogen diffusion from
the DLC matrix at around 400◦C (temperature achieved due to
the contact action), resulting in the local change from sp3 to
sp² carbon-carbon bonds structure (graphite) on the tribological
contact (Liu et al., 1996; Liu and Meletis, 1997).

To better understand this crucial point, e.g., the genesis,
stability, and composition of tribolayers, the long term stability
of tribolayers were evaluated. The test duration influence (180,
500, 1,000, and 2,500 h) on the characteristics of tribolayers
formed in DLC-stainless steel tribopairs tested under a controlled
atmosphere (R134a refrigerant gas) was analyzed (Salvaro et al.,
2016). The dry tests were conducted using a proprietary, high
frequency (350Hz), specially developed emulator which uses,
instead of laboratory specimens, real components as tribopair
(stainless steel cylinders and DLC coated pistons).

Tribolayers composed of elements originating from mutual
transfer material transfers and oxides were found. Additionally,
their thicknesses ranged from 100 to 500 nm and were more
evident on the stainless steel surface. Thicker tribolayers were
found on the stainless steel cylinder, and thinner ones on the
DLC coated piston. From the chemical and dimensional stability
point of view, the tribolayers reach a stable state after 1,000 h
testing. It was suggested that amutual transfer of certain elements
between the two surfaces is at the origin of mutual destruction
and formation of tribolayers until a stable state was eventually
reached (Salvaro et al., 2016).

Doping DLCs with some elements, such as hydrogen,
silicon, molybdenum, and fluorine, can further enhance their
tribological properties. Silicon is one of de most common
doping elements for diamond-like carbon coatings (Si-DLC),
providing outstanding properties such as low friction coefficient,
high scuffing resistance, and stability against humidity and
temperature. Moreover, according to Oguri and Arai (1991), Si
addition enhance surface roughness and improves the adhesion
strength of the DLC. Fluorination is reported as a consequence of
higher inertness and lubricity to induce lower friction coefficients
and high wear resistance than other types of DLC, such as a-C:H
(Sung et al., 2009). Such effect is promoted by the enhancement
of the hydrophobic behavior of the film and the decrease of its
surface-free energy, which is a common way to evaluate the anti-
stickiness behavior of the materials (Donnet et al., 1994; Trojan
et al., 1994). According toWang et al. (2013) fluorine termination
layers on the DLC film can provide lower friction coefficients due
to the large filled electron density coverage. Thus, the friction
between similar F-terminated DLC film surfaces is governed by
repulsive electronic interactions.

Our results show, unequivocally, the great potential of in situ
tribo-fluorination in situ as friction and wear control agent in
DLC-steel pairs when in a fluorine-rich atmosphere, the object
of this paper.
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FIGURE 7 | Testing system overview. Tribopair zoomed in.

IN SITU TRIBO-FLUORINATION

This study evaluated the role of a fluorine-rich atmosphere
on the tribological behavior of a tribopair formed by a
DLC-coated piston sliding against a stainless-steel cylinder
of an oil-free hermetic compressor. To simulate close-to-real
operation conditions, it was used a homemade tribological
emulator. Tribological tests were performed with real mechanical
components as tribopairs. With such a kind of apparatus, it was
possible to achieve frequencies closer to those of a hermetic
compressor while also controlling the testing atmosphere.

Materials and Methods
Tribological Testing
A homemade reciprocating tribological emulator was used to
test Si-rich DLC-coated AISI 1020 pistons vs. ¼ AISI 316
cylinders. Both components originate from a hermetic oil-less
compressor assembly. Figure 7 presents a schematic diagram
of the tribological emulator and highlights the piston-cylinder
tribopair. The emulator is programmed in such a way that the
transversal sliding only starts when the normal load has been fully
applied and the test chamber is above atmospheric pressure. The
transversal motor achieves frequencies up to 60Hz in <1 s and
the torque remains constant.

Tribological dry sliding reciprocating tests were performed
using the parameters shown in Table 3. The atmosphere and
frequencies are presented in Table 4. Five equal tests, monitoring
the friction coefficient, were performed for each condition. An
automatic vacuum system was used to purge the testing chamber
before pressurizing it with gas (ambient air or R134a). Before and

TABLE 3 | Imposed test conditions.

Stroke 8 mm

Sliding distance 120 m

Normal load 100 N

Room temperature 22◦C

TABLE 4 | Test frequencies and atmosphere.

Atmosphere Ambient air R134a R134a R134a

Stroke frequency 5Hz 5Hz 20Hz 40 Hz

after tests, the DLC-coated pistons and cylinders were cleaned
with acetone were cleaned in an ultrasonic bath for 15min and
then dried in a warm airflow.

Characterization
Topographical data of DLC-coated pistons and stainless-
steel cylinders were obtained using white-light interferometry
(WLI) (Zygo NewView 7300) and then processed using the
MountainsMap R© Universal 7.1 software. Sa and Sq surface
roughness parameters and texture isotropy were acquired by the
following operation sequence:

i Filling in non-measured points (<1%).
ii Leveling.
iii Remove the form.
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FIGURE 8 | Topography before tribological tests. (A) Cylinder.

(B) Coated piston.

iv Standard Gaussian filter with an 80µm cut-off to separate
roughness and waviness.

Five samples of 0.05 mm² each were analyzed for each material,
and the average value and standard deviation were obtained. The
same analyzes were carried out on the wear marks.

Scanning electron microscopy (SEM) (Tescan Vega 3) was
used to analyze morphological characteristics of the wear marks
on the DLC-coated pistons and cylinders using 10 kV of
acceleration voltage. Chemical analyzes were performed on the
surfaces using energy dispersive spectroscopy (EDS) (Oxford
Instruments AZtecOne) with 10 and 5 kV acceleration voltages.
5 kV was used to detect the signal as close as possible from the
surface. To characterize the tribolayers and the coating, Raman
analysis (Renishaw inVia micro-Raman with a 514 nm Ar laser)
was performed on the DLC and various wear marks zones. A
widely adopted procedure to analyze a-C:H Raman spectra was
used: the Raman spectra were obtained by firstly removing the
baseline from the Raman signal, and secondly, a Gaussian fitting
was used to determine D and G bands positions and intensities.
From these values, the ID/IG ratio was calculated (Robertson,
2002; Sánchez-López et al., 2003; Casiraghi et al., 2005). The
cross-section of a piston before tests was metallographically

TABLE 5 | Surface topographical parameters before tribological tests.

Surface Sa (µm) Sq (µm) Texture isotropy (%)

Cylinder 0.102 ± 0.018 0.147 ± 0.030 2.05

Coated piston 0.029 ± 0.006 0.060 ± 0.009 4.22

prepared via grinding (up to #1200), polishing (alumina 1µm),
and etching (Nital 2%) to evaluate the coatingmicrostructure and
measure its thickness using an optical microscope (Leica DM6).

Results and Discussion
Figure 8 shows the axonometric projection of the topography of
the original cylinders and DLC-coated pistons. It is important
to notice the one order of magnitude difference between the
scales, which is lower for the pistons. The arrows point the sliding
direction. In both cases, transversal to the sliding direction, it is
possible to see grooves originated from the machining processes,
whereas the surfaces of the pistons have a much smoother aspect.
On the cylinder, they are parallel among one another while being
crossed on the coated piston surface.

Roughness parameters of the original surfaces are presented in
Table 5. As already qualitatively observed in Figure 8, Sa and Sq
parameters are approximately three times higher for the cylinder.
Furthermore, both surfaces are strongly anisotropic, as the low
texture isotropy values demonstrate.

Figure 9 presents the typical microstructure and Raman
spectrum results of the coating before tribological testing. In
the coating cross-section (Figure 9A) is possible to observe
the DLC film and the chromium nitride layer, which provides
mechanical support to the DLC. The DLC coating has an
average thickness of 1.40 ± 0.04µm and the compound
layer, 1.8± 0.02µm. Figure 9B shows the Raman spectrum
of the DLC, which is a typical spectrum of an amorphous
hydrogenated DLC (a-C:H) with an ID/ IG ratio of 0.57 ±

0.01 and the D and G bands centered on 1,381 ± 4 cm−1 and
1555.95± 0.42 cm−1, respectively.

The typical evolution of the friction coefficient vs. sliding
distance is shown in Figure 10. For the 5Hz frequency and
ambient air atmosphere (red curve), the friction coefficient
starts at around 0.07. It steadily increases until about 30m of
sliding distance, when there is a discontinuity, possibly due to a
detachment of the film, which was confirmed after the test. Then,
probably due toDLC debris on the contact, the friction coefficient
drops again to around 0.15 (40m of sliding distance) and stays
steady until the end of the test.

When the testing atmosphere is changed to R134a refrigerant
gas, and the frequency is kept constant at 5Hz (black curve),
the friction coefficient behavior is drastically distinct, starting
at 0.04 and maintaining this steady-state through the whole
test (lubricious regime). For the frequency of 20Hz and R134a
atmosphere (blue curve), the typical friction coefficient does
not vary much from the previous condition (5Hz and R134a
atmosphere), and it is steady at around 0.05. The average friction
coefficient is statistically the same for 5 and 20Hz under the
refrigerant gas atmosphere, as shown in Figure 5, which indicates
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FIGURE 9 | Typical analyzes of DLC coating before tests on (A) microstructure and (B) Raman spectrum.

FIGURE 10 | Effect of imposed tribological parameters on friction

coefficient evolution.

that similar lubricity mechanisms govern the friction under these
conditions. The friction coefficient of the tests carried out at a
higher frequency of 40Hz (green curve) starts as low as the other
tests performed under lower frequencies (5 and 20Hz and R134a
atmosphere). Still, it starts to rapidly increase in the very first
meters (∼2.5m) of sliding, reaching values as high as 0.40. In
these cases, due to the high temperatures of the emulator system,
the DLC failed, and the tests had to be interrupted at ∼50m of
sliding distance.

To understand if the decrease of the friction coefficient
was, indeed, associated with the atmosphere, a test (5Hz) was
performed under an inert argon atmosphere (orange curve).
Indeed, the observed friction coefficient was higher than those
obtained under the refrigerant gas atmosphere, and it has
a tribological behavior similar to the one observed under
ambient air.

FIGURE 11 | Average steady-state friction coefficient.

Analyzing the average friction coefficient during the steady-
state for each testing condition presented in Figure 11, it is
clear that the refrigerant gas atmosphere induces lower friction
coefficients for 5 and 20 Hz frequency.

The presence of tribolayers was verified for the ambient
air testing atmosphere. Additionally, significant amounts of
debris were observed scattered around the contact region, as
shown in Figure 12A. Tribolayers was also found on the testing
performedwith 5 and 20Hz under the refrigerant gas atmosphere
(Figure 12B). However, significantly less, and in some cases even
none, debris was detected surrounding the tribolayers. Moreover,
the original topographical features of the surfaces (machining
grooves) are still visible, which indicates that the tribological
contact does not induce high plastic deformation on the cylinder
surface. No tribolayers were observed for tests under argon
atmosphere or 40Hz frequency with refrigerant gas.

Severe plastic deformation is observed in the burnished area
of the pistons tested under ambient air atmosphere, as shown
in Figure 12C. Therefore, as previously mentioned, the DLC
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FIGURE 12 | Typical SEM images of the tested areas of the (A) cylinders under refrigerant gas. (B) Cylinders under ambient air. (C) DLC piston under ambient air. (D)

DLC piston under refrigerant gas. The inserts are a summary of the analysis by EDS.

coating was removed due to the tribological action. However, the
DLCs tested under R134a atmosphere (5 and 20Hz) present an
integral aspect (Figure 12D).

Figure 13 illustrates typical Raman spectra of the tribolayers
on the cylinders. They are similar regardless of the atmosphere
(ambient air or refrigerant gas), presenting typical D and G
bands. Additionally, the ID/IG ratios are always greater than the
unit. The G bands show a dislocated position to a higher Raman
shift (1610.00 cm-1 instead of 1555.95 cm-1), as already observed
by Salvaro et al. (2017).

This result indicates that the carbon presents itself as a
highly disordered and high defect density graphitic structure
in the tribolayers (Ferrari and Robertson, 2001; Robertson,
2002; Casiraghi et al., 2005). According to Salvaro et al. (2017),
the graphitization of the uppermost layer of the DLC coating
associated with DLC debris due to the contact are probably, the
leading cause of disorder of the graphite-based tribolayer.

Using WLI, the tribolayers thicknesses were calculated by
subtracting the average tribolayers height from the average
height of their vicinities height, as demonstrated in Figure 14A.
The results for the tests performed under the refrigerant gas
atmosphere (5 and 20Hz frequencies) are equivalent, with an

FIGURE 13 | Raman spectra of the tribolayers.

average thickness of around 800 nm for both cases. For the
ambient air condition, the average tribolayers thickness is 1.3 um,
but the standard deviation is significantly higher (Figure 14B) as
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FIGURE 14 | (A) Typical tested cylinder topography with tribolayers and (B) average tribolayer height.

FIGURE 15 | Illustration of the fluorination effect on the repulsive interaction of carbon-based surfaces (Wang et al., 2013).

a consequence of the gradual formation of a non-continuous and
non-homogeneous tribolayer presenting areas containing thinner
and less uniform tribolayer whereas other areas show thicker and
well-formed tribolayer as described by Barbosa et al. (2015).

Figure 12A shows the EDS analyzes of the tribolayers formed
under ambient air. It indicates that they are constituted of
iron, carbon, and oxygen, typical elements from cylinder/piston
(substrate), coating, and atmosphere, respectively. Therefore, the
tribolayers result fromwear debris mixed, comminuted, oxidized,
and compressed in the contact. Similar results were found on the
tribolayers generated under the R134a refrigerant gas atmosphere
(Figure 12B), but in this case, a systematic presence of fluorine
originated from the R134a was detected. The burnished areas
on the DLC piston tested under the refrigerant gas atmosphere
also had detectable fluorine, but in low concentration (∼1.8%wt),
besides carbon (Figure 12D).

According to Wang et al. (2013) and Yu et al. (2003),
fluorine can connect itself with carbon’s dangling bonds on
the surface (C-F). The tribological work wears out the cylinder
and piston (DLC), thus inducing high-disorder, high-defect
density graphite (graphitization). During this process, the energy
available in the contact is enough to break F-C bonds in the
R134a molecule, which leaves fluorine ions free to recombine
with the carbon from tribolayers on the cylinder or DLC
coating on the piston (5 and 20Hz), therefore an in situ tribo-
fluorination phenomenon.

Wang et al. (2013) have also shown that the polar fluorine-
carbon bond on the uppermost layer of the surface results
in a “smoother” surface electron density distribution. Thus,
repulsive interactions govern the friction coefficient between two
surfaces with these features in tribological interaction, as shown
in Figure 15.
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In other words, in situ tribo-graphitization and tribo-
fluorination of carbon structures in the tribolayers and
DLC coating present a positive synergy to reduce the
friction coefficient of the oil-less hermetic compressor
piston-cylinder tribopair.

Conclusions
In this study, a proprietary tribological emulator was used to test
a piston-cylinder tribopair from an oil-less hermetic compressor.
DLC coated piston against ¼ stainless steel cylinder were
tested under close-to-real conditions, including the atmosphere
(R134a). Additionally, tests with ambient and inert atmospheres
were performed to evaluate the effect of these parameters
on the tribological performance. The following conclusions
were reached.

1. The friction coefficients are four times smaller when using
a fluorine-rich testing atmosphere compared to the ambient
atmosphere. However, in higher frequencies (40Hz), the
friction coefficient does not stabilize, reaching values over 0.4,
and the DLC coating fails.

2. Tribolayers found under refrigerant gas atmosphere have
similar thicknesses (∼800 nm). In contrast, tribolayers formed
under ambient air conditions have scattered thicknesses.

3. The friction coefficient is governed by the formation of
tribolayers on the cylinders. All tribolayers found contain Fe,
O, and C. The carbon is present as a highly disordered and
highly defects-dense graphitic structure. Under refrigerant
gas atmosphere, carbon dangling bonds on the uppermost
tribolayers surface and DLC coating are completed by fluorine
from the refrigerant atmosphere, resulting in a repulsive
interaction between the surfaces, consequently inducing low
coefficients of friction (∼0.04).

4. In situ tribo-fluorination of carbon structures in the
tribolayers and DLC is feasible and represents a new, cost-
effective and way to control friction andwear on -less hermetic
compressor piston-cylinder tribopair.

CONCLUDING REMARKS

In the present work, we overview the multidisciplinary
development of a regular, lubricated, hermetic compressor
which works in an on-off cycle, circular motion, single-
speed, many tribological contacts, into an innovative, linear
motion, variable displacement, single tribological contact, oil-
less hermetic compressor presenting high versatility in terms of
refrigerator design, sustainability and improved efficiency. The
original approach encompassed the development of new surface
engineering procedures applying purpose-oriented phases to
soft substrates. Different types of multi-layers, their thickness,
substrate material, processing routes, etc., have been studied

and optimized in this context. The results clearly show that
the tribological behavior of carbon derived coatings is strongly
influenced by the surrounding atmosphere. Si-rich hydrogenated
DLC (a:C-H) presented enhanced tribological properties when
tested under fluorine-rich atmospheres demonstrating the
feasibility of the in situ tribo-fluorination of carbon structures,
which represents a new, cost-effective and efficient way to
control friction and wear on oil-free hermetic compressor piston-
cylinder tribopair.
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