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0  INTRODUCTION

0.1  The Need for Green Tribology in Sustainable 
Engineering

It is becoming very clear, with overwhelming 
evidence from researchers worldwide, that the use of 
fossil-based fuels is the key source of climate change. 
The consequences of this are rising temperatures, 
which are more than obvious, as well as rising sea 
levels and many catastrophic situations due to extreme 
weather. Therefore, we need to act immediately to 
reduce these energy-consumption levels as well as 
pollution in many forms, such as limitations on CO2 
and particle emissions in internal combustion engines, 
by, for example, EURO regulations, [1] (Fig. 1). What 
is more, through the UN Framework Convention on 
Climate Change (UNFCCC) [2], the Kyoto protocol 
[3] and the 2015 United Nations Climate Change 
Conference [4] held in Paris in 2015, 170 countries are 
now legally bound to reduce the amounts of energy 
they use from conventional fuel resources. In order to 

meet these obligations, lowering friction and reducing 
wear will play a critical role, Fig. 2.

If we consider all of the energy consumed on the 
planet, from industry to the home, and from the oceans 
to the skies, a massive 25 % is taken up by friction 
[5] and [6]. The 2015 figures from the International 
Energy Agency [7] suggest these frictional losses 
amount to a massive 5000 kWh for every person 
on earth. Moreover, every device or machine has a 
limited life-time due to the material damage caused 
by the wear of moving contacting surfaces. This wear 
leads to problems such as poor production quality, 
vibrations, noise and malfunctions.

This is expensive in terms of both the energy 
costs and the financial costs associated with the wear-
related replacement of parts [8] and [9], machinery 
and vehicles that leads to increased demands for 
more production, and thus more energy consumption 
and so more pollution. Indeed, 2 % to 3 % of gross 
domestic product (GDP) in industrialized regions such 
as Europe is spent on wear-related replacements [10] 
and [11], which gives us an idea of how much energy 
is involved in this. Advances in tribology – the science 

Green Tribology for the Sustainable Engineering of the Future
Kalin, M. – Polajnar, M. – Kus, M. – Majdič, F.

Mitjan Kalin* – Marko Polajnar – Maja Kus – Franc Majdič
University of Ljubljana, Faculty of Mechanical Engineering, Slovenia

Environmental awareness and especially the legislation that requires the reduction of polluting emissions are strong driving forces toward 
more sustainable engineering and greener solutions in the design, use and overall life span of machinery. However, providing novel concepts 
that will exclude non-environmentally adapted, but over many years developed and optimized solutions, is not an easy task. It clearly requires 
time if the same level of technical performance is to be maintained. Green tribology is one of the fields that has been closely involved in these 
actives in the past two decades. The research and use of tribology science and technology toward green and sustainable engineering include 
natural material usage, lower energy consumption, reducing natural oil resources, reducing pollution and emissions, fewer maintenance 
requirements and thus reduced machinery-investment cycles. This report is not an attempt to cover all the existing concepts, attempts or 
literature available in the field, but mainly those efforts that our group has been working on over the past 20 years, which mainly includes 
novel green-lubrication concepts that come from exploring and exploiting surface engineering through the use of diamond-like-carbon (DLC) 
coatings.
Keywords: green lubrication, DLC coatings, low SAPS oils, biodegradable oils, nanoparticles, boundary slip, ionic liquids, water 
lubrication

Highlights
• Green tribology is closely involved and required field in a sustainable engineering of the future. 
• New and innovative contacts with lower wear and friction and with lubrication concepts at a more sustainable and environmental 

level need to be developed.
• Green tribology is a newly developing and challenging field of modifying and innovating new tribology concepts, but having as 

a benchmark high-performance contacts that did not required to fully consider the sustainable engineering needs and were 
developed over many decades. This is thus a challenging task.

• We present some conceptual issues with green tribology in this work.
• Eight combinatorial green tribology concepts, involving DLC coatings and various lubrication technologies are presented with 

some results and potential for implementation.
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and technology of friction, wear and the lubrication 
of contacting surfaces in relative motion – are crucial 
for reducing friction and thereby saving energy and 
reducing climate change.

Lubricants consisting of a base oil and additives 
are the obvious and the most common means to reduce 
friction and wear, by interacting with materials and 
surface coatings to develop wear-protective and low-
friction interface layers. However, the constituents 
of most effective lubricants are made from sulfur, 
phosphorus, zinc and other environmentally polluting 
elements. Here, national and international legislations 
have already placed severe constraints on the use 
of and demands for abandoning several of the most 
effective lubricant additives [12]. It has been estimated 
that if new green-lubrication technologies are not 
developed by 2021, the performance of a massive 
range of machinery will deteriorate, with serious 
technical and economic consequences [13].

Fig. 2.  Potential annual energy, cost and  
CO2 emission savings globally after 8 years  

of intensive advanced tribology implementation  
(1 EJ = 1018 J, G€ = Euro GDP, MtCO2 = million tons of CO2) [6]

Thus, the challenge for green tribology is to 
reduce both friction and wear and improve lubrication 
in a sustainable way. However, in today’s extremely 
advanced state of technology it is not sufficient to 
merely design a new, green lubricant or additive, adapt 
novel bulk materials or produce advanced low-friction 
surface coatings. The compatibility between these 
various components is complex and current solutions 
have taken years of development and optimization. 
If any new engineering contact is to result in 
substantially lower friction and wear, it needs to be 
sensitively tailored into an innovative combination of 
substrate, coatings, lubricant and additive, adapted to 
an optimized joint performance with low friction and 
wear, typically through the formation of particular 
nm-scale interface layers in these contacts.

0.2 The Challenges in Green Tribology

Green tribology was only defined as a scientific term in 
2009 [14]. When we look at the content in publications 
dealing with green tribology, it turns out that they 
mainly describe what green-tribology research means 
[15], present some individual green-tribology goals 
or individual green-tribology principles, which are 
not entirely generalized [15], and describe the areas 
in which green tribology can be achieved [16] and 
[17], and in which applications it can be employed 
[16]. From an engineer’s perspective, as someone 
who tends to employ or design a green tribological 
system, the term green tribology has tended to be 
used in the context of three principal thematics: 
biodegradable lubricants, biomimetic surfaces and 
green technologies such as wind turbines or tidal 
electric generators, etc. [18] and [19]. However, in this 

Fig. 1.  Demands of the novel EURO standards for the emission limits of internal combustion engines
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way green tribology is frequently thought of in terms 
of isolated, or even hypothetical, solutions without a 
clear and feasible industrial scope, thus lacking a wide-
ranging applicability. The general concepts of how to 
tackle the needs of green and sustainable tribological 
solutions are not widely explored and such contact 
systems are not well defined. However, several studies 
have already demonstrated that original, innovative, 
breakthrough green concepts are possible in tribology. 
The following section describes some of the current 
commonly discussed green-tribology solutions and 
their challenges.

For example, original, innovative approaches 
include chemical-based interactions with organic, 
environmentally adapted chemistry [20] and [21], and 
especially biodegradable lubricants (Fig. 3). To date, 
green tribology has been broadly considered as the 
use of biodegradable oils, lessening our impact on the 
environment [22] and [23]. However, biodegradable 
oils have already been used to reduce pollution for 
decades. Many studies [17] and [24], products [25] and 
[26] and legislation requirements [27] and [28] have 
already been developed. Accordingly, biodegradable 
lubrication is not a “new” concept of green tribology 
itself. However, it certainly represents one of the 
pillars that can be further developed in combination 
with different contacting materials that will reduce 
pollution overall. So, thinking in terms of the entire 
contacting system – a full-contact engineering 
approach – may further alter the green impact of 
biodegradable lubricants. However, there are many 
more potential options that need to be explored and 
evaluated.

Fig. 3.  Biodegradable lubricants from sunflowers have excellent 
lubricating properties at moderate temperatures, and are 

noticeably less harmful for the environment than fossil-based 
lubricants

Furthermore, biomimetics and the behaviors 
of natural surfaces, such as a shark’s skin or a water 
strider’s hydrophobic microhairs [15], [29] and [30] 
that exhibit low friction and serve as examples 

for mimicking them in the technical world, also 
show the potential for reducing friction and energy 
consumption; however, it still has an extremely 
limited or no role in green tribology or sustainable 
engineering. They are applied in only a few specific 
products, thus their impacts on energy consumption, 
polluting emissions, and resource depletion are very 
limited or non-existent. One such example is Speedo’s 
famous Fastskin swimsuit (Fig. 4), inspired by the 
varying texture of a shark’s skin that increased the 
efficiency of swimming, but it has no obvious impact 
on sustainable living. Therefore, green tribology needs 
to re-focus from these limited areas to the engineering 
areas where society can benefit the most.

The first idea of the sharkskin concept, with the 
specific design of the skin features, implies a reduction 
of the turbulence at the solid-liquid boundary layer 
and smoother and easier flow of the fluid over the 
surface. This idea can be roughly related to attempts 
to modify the lubricated friction via surface texturing 
[31]. There are many examples of friction and energy-
consumption reduction through surface texturing due 
to optimized fluid flow, which is now becoming an 
affordable and used technology in many applications. 
This concept is certainly green; however, in such a 
generally defined result, all tribological solutions can 
be considered as green, because all tribology studies 
aim to reduce friction and/or wear. Therefore, future 
original and innovative green solutions that will 
employ new surface topographies and functionalities 
will have to synergistically integrate other concepts to 
become novel, system-generic, green technologies.

Fig. 4.  Speedo’s Fastskin swimsuit inspired by the texture of a 
shark’s skin

Finally, green tribology should be closely related 
to many fast-developing green applications, such as 
producing green energy [15] and [23]. Namely, wind 
turbines (Fig. 5), wave- and tide-energy devices, 
are clearly bringing more green and sustainable 
engineering, similar to electrical and hybrid cars. 
However, it turns out that very often these systems do 
not employ any inherently green tribology concepts 
during their construction, operation, maintenance, or 
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decommissioning. This means they are only giving the 
impression of true, green innovation, whereas in fact 
the device itself may be devoid of green lubrication, 
and might have been built without any thought to 
resource depletion. From this it is very clear that 
generic green-tribology contacts and systems must 
be developed with proper green-engineering concepts 
in order to have a measurable green impact, which 
should span the product’s whole life cycle. We must 
remember, it is only green if it is green from start to 
finish, “from cradle to grave”.

Fig. 5.  Wind turbines in an offshore field; is this system designed 
in a truly green way?

1  SOME GREEN-TRIBOLOGY CONCEPTS ASSOCIATED  
WITH DLC COATING ENGINEERING

Our studies include a number of green-tribology 
concepts that have been investigated over the past 
20 years. These include, in all cases, diamond-like 
carbon (DLC) coatings, Fig. 6. DLC coatings are 
an amorphous material consisting mainly of carbon 
atoms in the sp2 or sp3 hybridization, typically with 
some hydrogen content, with many doping strategies 
being employed to tailor their properties.

Fig. 6.  Ternary phase diagram of the amorphous carbon–
hydrogen system

In the search for the best surface solutions under 
lubricated conditions, DLC coatings are becoming 

very attractive due to their inherent low-wear and 
low-friction properties [32] to [35]. However, the key 
benefit, but also a challenge with DLC coatings and so 
with their lubrication, is their low reactivity [33] and 
[36] to [38]. They exhibit very low adhesion, which 
gives them a low-friction property, but on the other 
hand this means that their interactions with lubricants 
are weak, and difficult to control or predict. So, 
DLC coatings give problems and opportunities at the 
same time, and thus a great potential for innovative 
lubrication solutions – including green tribology. So 
far these coatings have already been implemented in 
many components in the automotive industry, such as 
gears, cam shafts, and piston rings (Fig. 7).

Fig. 7.  Some of typical components in automotive applications 
that are often coated with DLC coatings

1.1  Biodegradable Oils

The most obvious way to reduce the environmental 
danger and harm associated with conventional 
lubricating oils was to employ biodegradable oils. In 
the early days, the DLC reactivity toward oils was 
still very much under question and many controversial 
results were reported because of a lack of a detailed 
methodology and the novelty of the field of DLC 
lubrication. However, the idea of employing bio-
degradable oils with DLC was tempting. We showed 
that biodegradable lubricants actually perform very 
well with DLC coatings. Moreover, due to the large 
number of polar functional groups, biodegradable oils 
are highly polar and so more reactive than regular 
mineral or synthetic oils. This has shown to be a very 
effective lubrication mechanism for bio-degradable 
oils with DLC coatings [39], Fig. 8. This beneficial 
effect of green lubrication was also proved in several 
applications, such as gears [40], grinding machines 
[41] and hydraulics [42].
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Fig. 8.  Coefficient of friction in DLC/DLC contacts for mineral and 
different bio-degradable oils [39]

1.2  Low-SAPS Oils

In the past 20 years many chemically based 
interactions between different additives and DLC 
coatings were studied. Initially, strong extreme-
pressure (EP) additives or the most effective types of 
anti-wear (AW) additives were investigated to first 
find the clear interactions between the additives and 
the DLC [36], [37] and [43] to [45], which were at that 
time still questioned. Nevertheless, direct chemical 
evidence of the interactions between additives and 
DLC surfaces were obtained using different surface-
sensitive techniques [45] to [49]. Indeed, these 
interactions were weaker than those with steel and 

Fig. 9.  Friction-force modulation (FFM) and AFM topography image; for FFM the darker area represents a lower stiffness and the brighter 
area a higher stiffness; LS stands for low SAPS, HS for high SAPS and ZDDP for this additive in base oil [53]

Fig. 10.  Correlation between film thickness and macroscopic 
coefficient of friction on Si-DLC surfaces [53] (Note: Columns 
represent the film nano-thickness, line represent the friction.)

occurred to a lesser extent. Moreover, the positive 
effect of DLC doping with different elements was 
proposed and shown empirically with several coatings 
[37] as well as by chemical analyses [46] and [50]. 
Accordingly, evidence of the chemical reactivity of 
DLC coatings with relatively strong additives (mainly 
sulfur-containing, as well as phosphorus-containing) 
was presented in the literature. In view of these and 
many other studies it became obvious that very strong 
interactions between the DLC and the additives would 
hardly be possible with contemporary additives. 
The requirement for greener lubrication was then a 
clear push to developing even stronger DLC-tailored 
additives, which may not be the best route for DLC 
lubrication solutions, and especially green sustainable 
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engineering. Accordingly, many studies have focused 
on low-sulphated ash, phosphorus and sulfur (SAPS) 
oils and their interactions with DLC [51] to [54]. 
These studies showed that even low-SAPS oils can 
effectively protect the surfaces and reduce the friction. 
Moreover, in many cases the friction was lower with 
low-SAPS than with high-SAPS oils or with the well-
known Zinc dialkyldithiophosphate (ZDDP)-based 
oils [53] and [54]. These observations were associated 
with the mechanical properties of the films that were 
revealed by using an atomic force microscope in the 
force-modulation mode and shown in terms of the 
mechanical properties of two different film areas, Fig. 
9. Detailed analyses of the tribofilms from low-SAPS 
oils revealed the low film thickness of the films, which 
was nevertheless sufficient to reduce the wear and 
friction. In fact, in contrast to steel, the DLC-coated 
surfaces resulted in lower friction if the tribofilms 
were thinner [53] and [54], Fig. 10.

1.3  Simple Mild Organic Additives

The above-mentioned findings led to further thoughts 
on the effect of mild additives, with low coverage 
or low thickness, which may be sufficient to reduce 
wear and friction. Several detailed studies of the 
adsorption ability of these additives were performed 
using atomic-force microscope (AFM) and neutron 
reflectometry [55] to [59]. The latter technique is very 
sensitive to a determination of the sub-nanoscale 
boundary layers of the additives, Fig. 11. These 
studies included detailed, nano-scale analyses of the 

adsorbed layers from alcohols and fatty acids, as 
well as their density and thickness, Fig. 11b. Indeed, 
it was found that alcohols and fatty acids do form 
adsorbed layers on DLC coatings, Fig. 12. These are 
not complete mono-layers, but may only partially 

a) 

b) 
Fig. 11.  a) Photograph of a neutron-reflectivity final stage set-up; and b) a model of adsorbed boundary film  

(SLD is scattering length density) based on the results of neutron reflectometry from [58]

Fig. 12.  Schematic representation of the physical and chemical 
adsorption of a fatty acid onto a DLC surface for: a) the initial 

situation where the surface is partially covered with oxides and 
hydroxides (due to ambient air and moisture); b) at 25 °C where 

hydrogen bonds are formed; c) at 80 °C that promotes the 
adsorption significantly; and d) in the tribocontact where rubbing 

induces chemisorption [55]
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that low-adhesion DLC coatings, when very smooth, 
which further surpresses the friction from asperity 
deformation or scratching, results in very low friction 
values. However, when adding a lubricant, viscous 
friction is actually added to the contacts. Accordingly, 
lubricant layers with a longer molecule or a higher 
viscosity have higher cohesion energies and thus 
stronger molecular forces. Such lubricant layers 
should be more difficult to shear and/or penetrate 
through for the asperities; therefore, they should 
separate the surfaces at the asperity contacts better. 
However, completely different behavior related to the 
increased friction with increased chain lengths and 
viscosity was noted for the DLC surfaces. Namely, 
compared to the non-lubricated conditions, additional 
energy was needed to move and penetrate through the 
lubricant molecules in the contact under high pressure, 

cover the surfaces, since densities of only 50 % were 
measured and the layer thicknesses were less than 1 
nm. This is in agreement with molecular-dynamics 
and quantum-chemistry investigations that showed 
very similar behavior [60]. A model for the interaction 
of simple alcohols and fatty acids was proposed, with 
a clear conclusion that fatty acids are more effective 
than alcohols [56], but friction can be clearly reduced 
with such mild, organic additives on DLC coatings 
[55] and [57].

1.4  Base Oil Molecular Structure and Rheology Effects

One more phenomenon was revealed during a study 
of various oils in DLC lubrication. Namely, that the 
lubricated friction of a very smooth DLC is typically 
larger than non-lubricated. The reason lies in the fact 

a)                        d) 

b)                        e) 

c)                        f) 
Fig. 13.  Coefficient of friction in steel/steel (a, b, c) and DLC/DLC contacts (d, e, f) for: (a, d) unlubricated conditions, (b, e) lubricated with 

polyalphaolefin oils with different viscosities and (c, f) for oils with different chain length [64]



Strojniški vestnik - Journal of Mechanical Engineering 65(2019)11-12, 709-727

716 Kalin, M. – Polajnar, M. – Kus, M. – Majdič, F.

which were adsorbed on the contacting surfaces, and 
so the friction increased (compare Figs. 13d, e and f). 
This is because when the material has inherently low-
friction properties under non-lubricated conditions, 
as is the case with the DLC coatings, [61] to [63], 
the additional force needed to shear the lubricant 
layers in the contact is higher than the reduction of 
adhesion or deformation, which are the two main 
sources of friction in the boundary lubrication of 
conventional metal surfaces, Fig. 14. The higher the 
molecular chain length or viscosity, the higher the 
cohesive energy of the layer, and thus more energy 
is required to break or shear it, and thus the friction 
is higher. Our results clearly confirm these relations, 
both for the poly-alpha olefin (PAO) oils and the 
pure alkanes [64]. In contrast, in the case of steel, 
the oil significantly reduces the adhesive interactions 
and thus the tangential forces required to break the 
metallic covalent bonds, which otherwise occur easily 
under non-lubricated conditions, [65], (compare Figs. 
13a, b and c).

Fig. 14.  Schematic of a DLC/DLC contact lubricated with  
a) high-shear and (b) low-shear lubricant, representing its high- 

and low-cohesion strengths, respectively [64]

It is thus very important to note that DLC provides 
both low wear and friction also with the base oils 
only. Accordingly, although strong reactive additives 
were found to improve the wear behavior of the DLC, 
they may not be required for DLC-coated systems, 
especially since sometimes they also increase the 
friction, and the wear of the coatings is already low 
compared to steel surfaces. From this point of view, 
milder additives, such as low- or no-SAPS additives, 
may be sufficient to protect even the most heavily 
loaded contacts, when coated with DLC, while being 

able to maintain other non-coated surfaces in the 
system under satisfactory tribological conditions.

1.5 Nanoparticles

Since it has become clear that DLC coatings are not 
adequately active toward chemical-based additives, 
other concepts that are predominantly physical 
based seem very welcome as potential lubrication 
solutions for DLC green technology. Self-lubricating 
nanoparticles are thus an interesting lubricating 
concept to be explored from various points of view. 
The idea of nanoparticle-assisted lubrication was 
proposed as a promising concept some time ago. 
However, despite the numerous types of nanoparticles 
that have already been tested and some that have 
already been used in practical applications, several 
tribological mechanisms and the relevant influential 
parameters under different contact conditions have yet 
to be determined.

Following the advances in conventional solid 
lubrication and the established theory of the transfer 
films [66] and [67], research has focused on the 
tribology of graphite-like nanostructures, i.e., C60 
fullerenes [68] and [69], carbon nanotubes [70] 
and [71] and carbon nano-onions [72] and [73]. In 
lubricated conditions, however, the nanoparticles 
used were mainly fullerene-like structures of IF-MoS2 
(Fig. 15) and IF-WS2, where it was revealed that these 
inorganic nanoparticles perform very effectively as 
additives in lubrication fluids [74] to [77].

Fig. 15.  TEM image of the MoS2 nanotube, i.e., “mama-tube” 
(Courtesy dr. Maja Remškar, Jožef Stefan Institute, Ljubljana, 

Slovenia)

The proposed low-friction mechanisms of 
the nanoparticles are similar to their macro-scale 
structures, i.e., based on low-shear basal planes 
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of layered materials, such as MoS2, WS2, and/or 
graphite. There have also been other mechanisms 
proposed (Fig. 16), most frequently the rolling of the 
nanoparticles, and this mechanism again does not 
include any chemical reactions with elements and 
compounds associated with environmental emissions. 
It should be stressed that MoS2, which is one of the 
best-known solid lubricants, is also a very chemically 
stable compound, which means it is not likely to 
contribute to emissions. Accordingly, it seems that 
nanoparticles, once placed in a lubricated mechanical 
system, can form protective nano-sheets at the surface 
and provide low friction and wear with a limited 
environmental impact, representing the potential for 
novel green-lubrication technologies.

Fig. 17.  Wear loss of steel balls in a contact lubricated with pure 
base oil (PAO) and base oil with 5 wt.% MoS2 nanotubes (PAO+NT) 

depending on the sliding distance [77]

However, the nanoparticle-lubrication 
mechanisms are not yet fully agreed, and the research 

still tackles some fundamental problems related 
to the dispersion, agglomeration/aggregation and 
sedimentation of nanoparticles in oils. For this reason, 
available studies and results with nanoparticles in 
oils are still mainly in combination with steel or 
other metal surfaces, and these results suggest huge 
improvements in friction and wear performance, such 
as, for example, those in our own work [78] using 
MoS2 nanotubes in PAO oils, Fig. 17.

Accordingly, solid-lubricating layered structures, 
such as MoS2 and WS2 nanoparticles, which are 
effective through a physically based lubrication 
mechanism (Fig. 16), can simultaneously provide a 
solution for the two above-discussed problems. Firstly, 
they can act as physical-based additives in lubricants 
for poorly reactive surfaces such as DLC coatings and 
similar non-conventional materials that cannot react 
effectively with today’s chemically based additives. 
Secondly, since inorganic nanoparticles of MoS2 and 
WS2 are synthesized in closed forms with highly inert 
basal planes [79], they are chemically non-reactive 
and do not result in harmful emissions. So, their 
second advantage is in reducing the emissions and 
consequently – at least partially – solving the problem 
of the necessary elimination of high-SAPS additives 
and thus providing the possibility for a novel, green- 
lubrication technology.

In addition to the common nanoparticles of MoS2, 
WS2 and carbon nano tube (CNT), graphene is another 
very promising material with many positive examples 
and potential. There has been a huge global interest 
in and study of graphene properties; however, it is 
surprising that there are very few studies on macro-

Fig. 16.  Lubrication using nanoparticles, based on physical mechanisms, without any SAPS
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scale tribology dealing with graphene as an additive 
to lubricants [80] to [83]. Our resent work has shown 
the great potential of graphene as a green oil additive, 
having much better tribological performance than 
conventional graphite or CNT [84]. This is another 
novel result from a series of nanoparticle studies that 
we made in the past decade, to look at the potential of 
graphene as an oil additive.

1.6 Oil-Surface Boundary Slip

Another concept for green lubrication can be realized 
through tailored physical-chemical interactions at the 
solid-liquid interfaces that induce slip at the lubricated 
contacting surfaces, Fig. 18. This solid-liquid slip is 
a well-known phenomenon and can be observed in 
nature, as the lotus-leaf effect, or in everyday life, as 
the slip of an oil droplet on a polytetrafluoroethylene  
(PTFE)-coated pan, Fig. 19.

Fig. 18.  Solid-liquid interface: a) without boundary slip; and  
b) with boundary-slip conditions

Recently, we have shown that, based on modified 
surface energies for tailored lubricants to reduce 
wetting behavior, friction can be significantly reduced, 
by up to 50 %, and lubrication design can be modified 
based on these parameters. Several papers describe 

this new concept in lubrication design [85], the effect 
of various materials and wetting properties [86], and 
the contact configuration [87], Fig. 20.

The DLC coating was used as a model material, 
since DLC coatings are known to have a lower surface 
energy than steel and poorer wetting. Fig. 21 shows 
the friction reduction in the elasto-hydrodynamic 
lubrication (EHL) regime only due to the use of 
surfaces where at least one surface possesses poorer 
wetting and/or surface energy compared to steel. 
Similar results supporting this concept were also 
reported in some other studies [88] and [89].

Fig. 19.  Two examples of solid-liquid slip: a) the lotus-leaf effect; 
and b) an oil droplet in a PTFE-coated pan

We have further verified these suggestions and 
the concept by purposely using several different 
DLC coatings, having a variety of different surface 
characteristics, and the same conclusion was always 
confirmed [86] and [87]: DLC surfaces result in less 
friction than steel in the EHL regime, and also during 
the transition from mixed to EHL. Moreover, when 
only one such surface is in contact, the friction is 
higher than in the case of two such surfaces, but it 
is lower than with both steel surfaces (steel/steel) 
in contact (see Fig. 21). The results in the boundary 
regime appear the same, but further tests need to be 
conducted to confirm the behavior in this regime.

Fig. 20.  Relative decrease in the coefficient of friction in the case of mixed steel/DLC contacts compared to a steel/steel contact for DLC on: 
a) slow; and b) fast surface [87]
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Fig. 21.  Friction reduction using one or two DLC surfaces with a 
lower surface energy and wetting [85]

Although the concept of solid-liquid slip is 
well-known and was previously already observed to 
reduce friction drag under different circumstances, 
primarily theoretically, using various model materials 
or experiments on the nano scale [90] to [94], this 
was not comprehensively investigated on the macro 
scale with engineering materials and lubricants, with 
the exception of a few studies [85] to [89] and [93]. 
Accordingly, it turns out that although the relevance 
of solid-liquid interface properties is well-accepted, 

a model that correlates these parameters and friction 
does not yet exist, and only indirect, empirical 
correlations to establish these parameters are available 
today [85].

Considering the above findings on wetting 
effects, one can reasonably assume that if the wetting 
conditions change the elasto-hydrodynamic (EHD) 
friction due to the use of low-surface-energy DLC 
coatings, similar effects can be obtained by modifying 
the wetting with adsorbed additive layers. However, 
there is almost no information about whether, and 
how, the additives change the wetting and the role 
that the temperature plays. Moreover, if the additives 
can affect the wetting properties, instead of hard 
surface coatings such as DLC, this would have a huge 
beneficial economic effect due to the lower cost and 
easier application method than the surface coatings 
on the most commonly used steel surfaces. Our latest 
investigations showed that additives indeed modify the 
wetting, both at room [95] and elevated temperatures. 
As seen in Fig. 22, advancing contact angles that were 
varied systematically for several molecular structures 
of simple organic additives, change a lot, indicating 
the strong potential for the additives to be tailored 
for a specific wetting and slip property. Moreover, it 

Fig. 22. Influence of a) different number of COOH groups; b) different chain length of the additive; c) different polarity of functional groups; 
and d) saturation of additive on advancing contact angle for steel with and without additives [95] (Note: nine polar molecules were used as 

additives, having different chain length, polar head-group, saturation and number of polar head-groups.)
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was found that these adsorbed layers also noticeably 
reduce the EHD friction.

The concept of slip tailored by wetting properties 
is thus a promising concept for enormous savings 
in terms of energy consumption for all applications 
with solid-liquid interfaces where the fluid resistance 
represents a major part of the drag force and friction, 
Fig. 23.

3.7  Ionic Liquids

One of the latest attempts to develop green and 
efficient lubricated contacts is to use DLC coatings 
with ionic liquids, which are salts that are liquid at 
temperatures below 100 ºC. The reason lies in the fact 
that ionic liquids are very reactive molecules, which 
may strongly interact with the DLC, especially when 
doped, as well as being green in nature. Namely, 
ionic liquids are salts composed of positively charged 
cations and negatively charged anions [96], Fig. 24. 
They exhibit some unique properties, which make 
them good candidates for lubrication additives, for 
example, low vapor pressure, high thermal stability, 
electrochemical range, non-flammability and being 
benign to the environment [97] to [99]. So far, there 
are no literature reports on whether such lubricated 
contacts can perform satisfactorily and whether ionic 
liquids can indeed be a potential additive for DLC. 
This study is on going, but some of the results suggest 
an extremely low coefficient of friction under selected 
conditions, thus giving hopes for niche applications, 
where such a green-lubrication technology could be 
introduced.

Fig. 24.  Molecular structure of a phosphate-based ionic liquid 
(Tributylmethylphosphonium dimethylphosphate (C15H36O4P2)) with 

positive and negative ionic parts

1.8  Water Lubrication

Finally, water has been generating huge interest 
over the years as the ultimate environmentally 
acceptable fluid, especially if used without additives. 
Environmental awareness and its protection are 
becoming increasingly important when it comes to 
lubrication in engineering applications, in particular 
in open-air environments, where oil spilling directly 
pollutes nature, such as in forests, marine, mining, 
agriculture, etc. In this view, water lubrication 
represents a green-lubrication technology that could 
replace conventional oil lubrication [100]. However, 
due to its low viscosity and very poor lubrication with 
respect to conventional steels, water is not suitable for 
the lubrication of machines in its present form. Thus, 
tribological engineering needs to be introduced in the 
contacting surfaces and to modify the conventional 
contacts.

In the past, extremely successful cases were 
shown where water was used as a lubricant in ceramic 
contacts, with applications including a water pump 
with ceramic seals (Fig. 25), or tap-water valves. 

Fig. 23.  Some potential applications where wetting effects and solid-liquid slip concept could be implemented  
to reduce the friction in a green and sustainable way



Strojniški vestnik - Journal of Mechanical Engineering 65(2019)11-12, 709-727

721Green Tribology for the Sustainable Engineering of the Future

Namely, silicon nitride or silicon carbide provide 
super-low friction of 0.002 and 0.0035 when sliding in 
water [100] to [103].

Fig. 25.  Water pump with 5-imes-reduced volume due to the 
implementation of SiC seals (Courtesy prof. K. Kato, K. Adachi, 

Tohoku University, Sendai, Japan)

However, the strong effect of water pH, zeta-
potential, ionic composition and so geographical 
dependence was recognized [104] to [107], Fig. 26.

Fig. 26.  Effect of water pH on: a) wear volume of alumina pins; 
and (b) steady-state coefficient of friction [104]

For the broader use of water in engineering 
applications, however, steel surfaces are of interest. 
Accordingly, surface-engineering techniques for steel 
substrates need to be introduced to overcome the 
limitations of water lubrication on a broader scale. 
DLC [108] is one possible coating for improving 
the tribological behavior under water-lubricated 
conditions [109] and [110]. Namely, water-lubricated 
DLC has proved to be a tribologically successful 
combination [111] to [113]. Detailed mechanistic 
analyses regarding DLC in water were conducted by 
Ohana [114] to [117]. DLC under water-lubricated 

conditions results in very low wear [114] and 
moreover, friction below 0.1 when DLC is sliding in 
water against steel is typically observed [109].

We have also shown earlier that surface 
engineering with DLC coatings in water can notably 
improve the performance of a proportional 4/3 water–
hydraulic valve [118], Fig. 27. In this work, both a 
model tribological study and a full-scale test with a 
hydraulic valve’s life-testing, corresponding to 6 
months of operation at 8 hours per day, was performed. 
In life-testing, the DLC-coated components remained 
within an acceptable 1 % leakage, compared to 20 
% leakage in steel contacts, while model tribological 
tests showed up to 6-times lower friction.

Fig. 27.  a) Schematic of a 4/3 water–hydraulic valve operating 
with a DLC coating in water; and b) spool and sleeve samples that 

were tested in 4/3 water–hydraulic valve [118]

The above-mentioned application and 
experiments were performed at low contact pressures, 
but our very recent work focused on a high-contact-
pressure application. Namely, to a low-speed, but 
high-torque, orbital hydraulic motor, which normally 
operates under oil-lubricated conditions [119]. Such 
a hydraulic motor is a highly loaded mechanical 
component that converts hydraulic energy into the 
rotational motion of the shaft. A combination of an 
appropriate geometry of the mechanical parts, the 
holes in the valve plate and the pressure differences 
in the lobes ensures that the rotational speed of the 
shaft is up to 25 min−1 and that the torque is up to 
1000 Nm. A problem with the hydraulic motor is its 
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low overall efficiency, which is closely related to the 
friction and wear [119]. However, this work showed 
that with an appropriate modification of the contacts, 
with the appropriate roughness, DLC coatings can 
greatly improve the contact performance, and so 
reduce the friction and wear. In fact, friction in steel/
DLC contacts with water, even in such highly loaded 
contacts, is lower than steel/steel in oil. Moreover, the 
application of DLC to several contacts in an orbital 
hydraulic motor (Fig. 28) allowed the motor to run, 
which was not the case with only the steel parts. 
Although an efficiency of only 23 % was achieved 
[120], the highly loaded orbital hydraulic motor was 
able to operate in water-lubricated conditions. In spite 
of much more work being required, this points the 
way toward green water-lubrication even in the most 
heavily loaded contacts in machinery used in natural 
environments.

a)     b) 
Fig. 28.  Mechanical parts of hydraulic motor: a) original steel 
design and; b) modified design employing a DLC coating [120]

2  DISCUSSION AND CONCLUSIONS

Creating a sustainable engineering future will require 
a more comprehensive understanding of green 
tribology as a concept that encompasses the complete 
engineering life-cycle and the skills, knowledge and 
expertise to provide environmentally sustainable 
solutions and more general green tribological contacts 
and solutions, applicable in many engineering 
mechanical systems. To ensure that green tribology 
becomes central to engineering design, researchers 
will need information and knowledge covering these 
topics in the public domain. In fact, this is also the 
focus of a recent European-wide research activity to 
develop general and green tribology concepts within 
the framework of the GreenTRIBOS initiative [121]. 
The GreenTRIBOS project aims to develop several 
green-tribology contacts and systems, complete 
designs including materials, coatings, lubricants and 
surfaces that will be green in their essence. This is just 
one systematic attempt and many more systematic and 
comprehensive approaches from many groups world-

wide is needed to achieve the challenging goals of 
green and sustainable engineering.

In this work we have shown some of current 
issues related to the question, what green tribology 
actually means and how to tackle it. Although there 
are many more individual studies, approaches and 
definitely success stories, a lot more can be achieved 
in the future. It is not the intention of this work to 
cover all these, to make a fully and complete review 
study, so the authors apologize for not being able to 
cover every aspect. Namely, this report is made on the 
occasion of the 100-year anniversary of the University 
of Ljubljana (1919-2019) and mechanical engineering 
studies, which have been part of the university since 
then. The major emphasis was thus on the work of the 
group of current authors in this field. Nevertheless, we 
believe this is a relevant collection and summary of 
many possible approaches that we already attempted 
or even pioneered in the field. These include DLC 
coatings due to their specific and truly fantastic 
properties, enabling so many various functionalities.

We believe DLC coatings can also serve as a 
model approach, where not only green lubricants, 
but also the surfaces, with all their many different 
properties, can contribute to a novel functionality. 
In this work we show as many as eight different 
green-lubrication concepts due to such a property-
combinatorial approach. We can call it an inter- and 
multi-disciplinary approach as well. Namely, it is clear 
that novel design concepts, including novel green-
lubrication concepts, will need to combine ideas and 
knowledge out of the box. By doing so, unexpected 
successes can be anticipated. We should not forget that 
current successful lubrication technologies are based 
on century-long studies and research. Accordingly, 
we look forward to many more successful green-
lubrication solutions in the coming years.
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