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Abstract When metal surfaces come into contact, lubri-

cants are used to overcome friction. Various forms of

hydrocarbons play a central role in lubrication, through

both liquid lubricants and surface coatings. Solid lubricants

like graphite and complex surface coatings such as dia-

mond-like carbon have led to great advancements in fric-

tion mitigation. In addition to these designed carbon films,

unintentional carbon films can also spontaneously form

during metal–metal sliding. Here, we analyze various

systems that produce carbon films, focusing on systems

with cyclical metal sliding, hydrocarbon lubricants, and

catalytic activity. The systems we analyze include friction

polymers, diamond-like carbon coatings, varnish from

industrial machines, metal-on-metal hip implants, micro-

electromechanical systems, and catalysis coke. These films,

analyzed at the nanoscale, are primarily graphitic carbon

with local regions of sp2 bonding. The graphitic carbon can

act as a lubricant in some systems and not in others.

Through comparing these various fields, we seek to better

understand the formation, evolution, and friction properties

of carbon films. Through design and control of carbon films

formation, we can control triboactivity to improve system

performance.

Keywords Solid lubricants � Solid lubrication

mechanisms � Carbon � Graphite � Lubricant degradation

1 Introduction

In research, forming deep connections to make significant

progress is difficult. As science becomes more complex,

fields specialize and concentrations deepen. Often large

advancements require connections across fields: collabo-

ration is necessary for innovative discoveries. Here, we

present a review that attempts to connect various fields that

study graphitic films. We show commonalities between

thin carbon films in seemingly diverse areas to demonstrate

how the similarities between these fields of research can be

utilized for practical advancements in lubrication.

When two surfaces come into sliding contact, the tri-

bology is key to performance. The primary goal of tribol-

ogy research is mitigating friction and finding beneficial

lubrication methods. Understanding friction drives design

of systems across size scales, from industrial motors to

precise micron-scale gears, shown in Fig. 1 [1, 2]. Surface

coatings, liquid lubricants, and solid lubricants are all rel-

evant to tribology.

In lubrication methods, hydrocarbons play a central role.

Hydrocarbons are used in standard industrial lubricating

oils, are deposited as lubricious carbon films, and can be

unintentionally incorporated into systems from the air.

Carbon that unintentionally enters the system can sponta-

neously form deposits that become a film, similar to

designed deposited films. Carbon in the system or from the

environment reacts from heat, catalysis, friction, and

cycling to continuously evolve to a final carbon film. This

film is usually thin, slick, and described as a high molecular

weight polymer. It is often graphitic, i.e., it contains some

fraction of sp2 carbon–carbon double bonds and not just

single sp3 bonds. In general, these are local sp2 bonds, or

perhaps small nanoscale regions of continuous aromatic

bonding, not a full continuous network of graphite sheets.
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This film is present in different systems by different names,

yet on the nanoscale, it is the same thin layer of partially

graphitic carbon. This concept is illustrated in Fig. 2.

To explain the connections between these fields, this

review will introduce systems of interest, explain mecha-

nisms of film formation, and conclude with a discussion of

opportunities. The systems included for analysis are major

fields of tribology and carbon film research, where there are

both recent and decades of older data to consider. The

fields included are friction polymers, diamond-like carbon

(DLC) coatings, varnish from industrial lubricants, the

tribolayer from metal-on-metal (MoM) hip replacements,

microelectromechanical systems (MEMS), and catalysis

coke. In these systems, all the films, except for coke, are

considered tribolayers, layers that form during frictional

contact. Tribolayers or tribofilms form due to triboactivity

or tribochemical reactions. In catalysis, there is no friction,

so this system serves as a comparison as there are chemical

reactions without triboactivity. Because coke is an included

system, we refer to the graphitic carbon products as carbon

films as opposed to carbon tribolayers when addressing all

systems collectively.

The motivation for a combined study comes from the

opportunity for mutually beneficial research. Hsu and

Gates [3] discussed that our understanding of the nature of

tribochemistry is limited, partly because it is largely

empirical. The need for future understanding is crucial

because as new materials emerge, use is often blocked by

lack of knowledge of how the materials can be effectively

lubricated. Ineffective lubrication can result in premature

failure or product recall. In the presented systems, the

carbon films affect performance differently: some are

protective and some damaging. Even though they are all

partially graphitic carbon films, the questions at hand are:

what causes the differences and can the beneficial systems

be exploited for better design across systems?

This review is organized into three sections: systems,

mechanisms of formation, and discussion. The first section

provides a general overview of the six primary systems:

friction polymers, DLC coatings, varnish, hip implant tri-

bolayers, MEMS, and coke. These represent general fields

of research, each with a wide breadth of tribolayer

research; we provide a brief summary and context for each.

Finally, we give three specific examples of carbon tribo-

layers that are relevant for discussion. These systems and

examples are not an exhaustive collection; we predict that

more parallel systems could be compared from even

broader fields.

The second section is on the mechanisms of formation

of carbon films. This section describes processes and

Fig. 1 Wear tests using PAG oil formulations, forming a minimal wear and b varnish film formation [1]. At a different size scale, MEMS gears

c before testing and d after failure caused by adhesion [2]
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reactions that occur to convert organic precursors into

graphitic carbon films. The mechanisms covered include

pressure, temperature, and friction; deposition and

absorption; polymerization and organometallics; catalytic

activity; graphitization; and particle interaction. The

mechanisms are often common across systems, and so, they

are grouped as mechanisms and not as systems.

The third and final section is the discussion section. We

summarize the key similarities between the systems and

mechanisms, highlighting the main trends. To link the

different systems, we present a general thermodynamic

argument for carbon developing into graphitic bonding.

Lastly, the future opportunities between these fields are

emphasized. The possible connections in research methods

and analysis techniques show promise to significantly

advance each field.

2 Systems

This section presents an introduction to the six primary

systems: friction polymers, DLC coatings, varnish, hip

implant tribolayers, MEMS, and coke. All of these films

are primarily carbon and have a significant portion of

graphitic bonding. The systems are all triboactive, except

for coke, which is catalytically and thermally active.

2.1 Friction Polymers

The name ‘‘friction polymer’’ is the most widely used term

to describe carbonaceous deposits on triboactive surfaces.

Narrower fields focus on specific tribofilms and give them

more particular names, which we will explore in later

sections. Friction polymer is also one of the oldest terms,

with common use in research as far back as the 1950 s [4].

Friction polymer systems tend to be metal-on-metal, such

as electrical relay switches, gears, engines, and other

machines with rolling, sliding, or rubbing contacts. Friction

polymers include tribofilms that are classified as both

helpful and harmful to performance, depending on the

study. What makes a beneficial friction polymer is not

always well understood.

In friction polymers, there are common descriptors that

appear across studies. The appearance of a friction polymer

is brown and slick, usually with a reddish hue. The friction

polymer film has a buildup that can be wiped away and a

thin, stubbornly adhered layer beneath, shown in Fig. 3a

[5]. The polymer sometimes improves friction, yet the

beneficial properties can change through small alterations

of temperature, pressure, number of cycles, or carbon

concentration [4, 6]. The substrates that create friction

polymers are usually oxide-forming metals, such a palla-

dium, chromium, molybdenum, or iron, although usually

just one surface needs to be metal [4, 7–9]. The film’s

carbon source can be standard lubricating oils or car-

bonaceous vapors, which replicate situations where the

carbon source is from the atmosphere [10, 11]. Often

friction polymer work calls the carbon deposits amorphous,

yet they also include descriptions that point to signs of

graphitic carbon. Many studies note evidence of reduced

wear and Raman spectra, showing graphitic bonding, such

as in Fig. 4a [12, 13]. To understand the tribochemical

reactions that can lead to partially graphitic carbon, studies

have characterized the organometallic species, insoluble

products, and the molecular weight [14–16]. The mecha-

nisms of these reactions will be discussed in the next

section to show the common mechanisms across the carbon

film systems.

The direction of friction polymer research was well

summarized in the 2006 review article by Hsu et al. [3].

They described the need to further understand the forma-

tion of these lubricating films because much of the infor-

mation is empirical and limited to the steel–hydrocarbon

system. The metals–hydrocarbons research suggests that

thermochemistry and organometallics dominate the chem-

ical reactions, whereas in semiconductors, electrostatic

charge and electron emission is important for
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Fig. 2 Metal-on-metal hip implants, MEMS gears, and industrial

machines are all lubricated with hydrocarbons. Through friction and

wear at the metal interface, the organic material reacts to form similar

carbon films
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tribochemistry [16, 17]. Through understanding reactivity

and mechanisms, the various factors that create friction

polymers can be understood, such as how organometallic

chemistry is central to forming high molecular weight

reaction products that lead to effective lubrication [16]. By

understanding how the bond breakage and bond formation

occurs in various systems, friction polymers can be pre-

dicted and controlled for effective lubrication. To empha-

size the pending questions of the field, Hsu et al. asks

‘‘What constitutes an effective film? Under what conditions

(i.e., reactions and starting materials) will an effective film

be formed? Under what conditions will the film not form?

What are the effects of nascent surfaces? Can we determine

the kinetic rates of film formation?’’ [3]. Further nanoscale

characterization of friction polymers could indicate how

graphitic bonding and solid lubrication affects perfor-

mance. In the following section, we continue to discuss

films similar to friction polymers, and by connecting these

fields, provide answers to some of these questions.

2.2 DLC Coatings

A commonly studied and well-known system of a carbon

lubricant film is diamond-like carbon (DLC). Carbon films

have been studied as early as the 1950s [18], with com-

prehensive studies on DLC by Eisenberg and Chabot in the

1970s [19]. They showed that the carbon film had nearest

neighbor distances similar to diamond, was highly insu-

lating, and was transparent, among other electrical and

structural similarities to diamond. As DLC films have been

a popular research area, many functional varieties of the

film and a breadth of applications have been explored. The

breadth and depth of the DLC work can be used to help to

explain the properties of other carbon films, across disci-

plines, designs, and phenomena.

DLC films are primarily made of carbon atoms that are

extracted or derived from carbon-containing sources, such

as solid carbon targets and liquid and gaseous forms of

hydrocarbon and fullerenes. A DLC film after a sliding test

is shown in Fig. 3b [20]. The modern multifunctional

nanocomposite DLC films are now routinely produced by

both chemical vapor depositions (CVD) and physical vapor

deposition (PVD) [21]. The films can be designed to be

extremely hard (*90 GPa) and resilient, while proving

some of the lowest known friction coefficients [21]. A

recent study showed an uncoated bearing failed after 32

million cycles, while a bearing with a one-sided DLC

coating lasted 100 million cycles [22]. Applications

including razor blades, microelectromechanical systems,

engine parts, articulated hip joints, and machine tools have

shown beneficial performance [23–26].

In a 2006 DLC review [21], Erdemir et al. discussed

how the benefits of DLC come from the unique tribological

properties, especially the transformation into a graphitic

solid lubricant. It has been observed that sp3-bonded car-

bon atoms in DLC film experience transition into sp2-

bonding [21], as shown in the Raman spectra in Fig. 4b

[27] and EELS spectra in Fig. 5a [28]. Pastewka et al. [29]

performed MD simulation and suggested that sp3 carbon

bonds in diamond undergo a sp3-to-sp2 order–disorder

a b c 

d f e 

40 µm 1 µm

200 µm 40 µm30 µm

30 µm

friction polymer DLC varnish 

hip tribolayer coke cast iron glaze 

Fig. 3 Similar micron-scale appearance of the carbon films after sliding contact. a Friction polymer [5], b DLC [20], c varnish tribolayer, d hip

explant tribolayer [57], e MEMS wear film [2], and f cast iron glaze [106]
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transition upon polishing. The frictional behavior can be

controlled through the chemical, physical, and mechanical

interaction and physical roughness of the surface. The good

adhesion of DLC films allows for high shear forces during

sliding contact, while the friction values can range from

0.001 to 0.7 [22, 30].

In the context of this review, DLC films are critical to

include as DLC research demonstrates key aspects of the

graphitization process [31, 32]. We can use known phe-

nomena of how DLC films are deposited, characterized,

wear tested, and modified to extrapolate to other more

uncontrolled or unknown systems. As discussed by Erde-

mir et al. [21], other forms of carbon including graphite,

graphite fluoride, carbon–carbon composites, and glassy

carbon are also valuable as low-friction, solid lubricant

engineering materials [22, 33–36].

2.3 Varnish in Industrial Machines

Varnish is found in industrial machinery. It is a carbon film

that forms on metal surfaces when lubrication oil degrades.

It is generally considered to be bad for applications, and

much of varnish study is on how to remove it and prevent

its formation. Information about varnish primarily comes

from trade publications. These industrial articles are mostly

written by companies that specialize in varnish filtration

Fig. 4 Raman spectra of a friction polymer [12], b DLC [27], c varnish, d hip explant tribolayer [57], and e catalyst [88]. All examples show a

broad G band at *1550 cm-1 and a D band at 1350 cm-1, indicating the presence of nanographitic carbon
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systems or varnish removal. Few industrial research studies

focus on the composition of varnish once it has formed. We

address varnish in two parts: the first part presents varnish

as it is currently known in the field and the second part

presents new nanoscale characterization studies on varnish.

This original varnish research allows for more fruitful

discussion later in the mechanisms and opportunities

sections.

2.3.1 Varnish Literature

Modern hydraulic machinery uses oil to reduce friction

for improved operation, and when the lubrication fails, a

carbon film called varnish forms in the machinery that

drastically reduces performance. Varnish is different

from the other films discussed because it is always

considered damaging. Once lubricating oil begins to

break down, the oil’s contaminants form insoluble par-

ticles that deposit as a varnish film on moving parts

[37–41]. The varnish film is an inhomogeneous, sticky

brown residue that crusts to the surface of metal parts. It

can have a cured, shiny appearance. Similar to other

tribological films, two types of varnish are described.

There are soft sludgy particles that stay in solution and

can be removed with a filter, or on triboactive surfaces,

there are thin, hard deposits that are difficult to remove,

Fig. 6a, b, respectively [42]. Varnish films play a role in

friction and wear, but varnish can be extremely varied,

so it has been typically characterized by appearance and

not by chemistry [39].

Fig. 5 Electron energy loss spectroscopy of a DLC (sample 29–88 in figure) [28], b varnish, c hip explant tribolayer [57], and d catalyst

substrate [92]. The ratio of the p* peak to the r* peak indicates percent graphitic bonding [55, 56]. All spectra include graphite for reference
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Varnish, considered a ‘‘stubborn film,’’ is a constant

battle in machinery lubrication, with varnish causing 85 %

of hydraulic system failures [43]. Varnish causes sticking

of moving mechanical parts, increase in component wear,

and loss of heat transfer effectiveness [42, 44, 45]. Varnish

is the product of the thermal/oxidative breakdown of

hydrocarbons within oil which leads to a new chemistry of

macromolecules [40–47]. This failure mode has become

especially relevant as new developments in anti-oxidizing

oils lead to oils that fail suddenly, without the slow and

predictable degradation of previous oil formulas

[39, 42, 48]. A majority of varnish literature comes from

trade publications [40, 43, 44], where industrial leaders

discuss the prevention and cleaning of varnish. Companies

like ExxonMobil produce patents on varnish prevention

systems [49, 50]. There is also a large amount of infor-

mation on how to measure the chemical composition of oil

and how to strain sludge particle from oil [44]. Addition-

ally, the size of the degraded particles has become an area

of interest. Previously, the method was to simply look at

the oil to see whether it changed from a yellow to a reddish

color; if it was reddish, it likely had varnish precursor

particles. New techniques and ASTM standards [51] are

recognizing submicron macromolecules formation and the

presence of nanoparticles [42]. The composition of varnish

is rarely mentioned, as the early development for preven-

tion and the cleaning methods are considered more apt.

2.3.2 Original Varnish Research

We performed original research to investigate the presence

of graphitic carbon in varnish. This level of nanoscale

characterization of the varnish film is not available in the

literature.

A steel component with varnish buildup was acquired

from Dynapower Parts. A SEM image of the thin area of

varnish is shown in Fig. 3c. The part was a component of

the Dynapower axial piston pump that run lubricants

varying from 32 to 68 weight hydraulic oils to Dexton III.

A thin and uniform area of varnish was measured with

Raman spectroscopy using an Acton TriVista CRS Con-

focal Raman system with excitation radiation from an Ar–

Kr 514.4 nm gas laser at *10 mW. As shown in Fig. 4c, a

broad G band was present at 1550 cm-1, which showed the

stretch vibration of sp2 bonding, and a D band was present

at 1350 cm-1, which showed the breathing vibration in

disordered sp2 carbon [52]. In the Raman spectra, the

G-line position and broad D-line indicated that the film was

composed of regions of nanographitic carbon [52]. The

fraction of graphitic regions was determined from the

intensity of the D peak relative to the intensity of G peak to

be [80 % based on the standard analytical methods for

carbons, e.g., [53, 54]. For the electron microscopy anal-

ysis, two different thin films were transferred to an

Omniprobe transmission electron microscopy (TEM) grid.

Approximately four different areas on two varnish tribo-

layer TEM samples were analyzed using a Gatan Imaging

Filtering in a JEOL 2100F at 200 kV. Electron energy loss

spectra (EELS) were calibrated using highly ordered pyr-

olytic graphite (HOPG). The varnish sample prepared was

sufficiently thin, approximately 50 nm, to measure a car-

bon peak in EELS, as shown in Fig. 5b. The varnish p*
peak at 289 eV is characteristic of sp2 bonding, while the

r* at 299 eV is characteristic of amorphous sp3 bonding,

and the varnish peaks can be compared to the p* peak

found in the HOPG. The ratios of the varnish peaks show

that the amount of graphitic carbon is approximately 80 %

[55, 56]. Even though varnish has signatures of graphitic

carbon, the varnish tribolayer formation is not within the

design tolerances of the performance of hydraulic machine

lubricating oils. The varnish causes damage to the machi-

nes and requires removal. Studying varnish, however, may

allow for a controlled and beneficial film to form out of

lubricating solutions. By understanding similar yet bene-

ficial carbon films, such as DLC and MEMS coatings,

improvements could be designed to reduce the negative

impacts of varnish.

2.4 MoM Hips

Metal-on-metal (MoM) total hip replacements develop

tribolayers after implantation in the human body, making

this another informative system to study. Total hip

replacements are made of two articulating components, the

ball and cup, which can be made out of CoCrMo alloys,

Fig. 6 Two forms of varnish deposition: a show moving sludge

varnish removed by a filter (part courtesy CC Jenson) and b deposited

and cured shiny varnish film (part courtesy Dyna Power Parts)
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ultra-high molecular weight polyethylene (UHMWPE), or

alumina. The MoM tribofilm has been primarily studied on

the metal-on-metal interface after in vivo studies and has

been shown to be graphitic [57].

Early studies of the hip tribolayers considered the

deposits to be of peripheral importance as the layer was not

intended to form during implantation in the first place

[58–62]. The initial assumption was that that biological

solution in a hip joint would adsorb protein molecules

[63, 64]. Through the adsorption and triboactivity, the

protein molecules denature, which means the proteins lose

their shape and begin to degrade. Through hip simulators,

the parameters that control the formation of tribofilms were

investigated, usually with bovine calf serum as the lubri-

cant. The tribofilm was shown to form on the CoCrMo

alloys and UHWMPE, but not on Al2O3 [59, 64, 65]. The

investigation of the hip tribolayer formation has shown that

both surface protein adsorption and change in proteins

molecular weight occur. As the tribolayer forms, it is

thought to simultaneously wear away, expelling particles

[64, 66]. In explanted hips, the tribolayer was found to be

between 30 and 40 nm by Buscher et al. [58]. To replicate

this in vitro, the pressure (usually 30–200 MPa) and speed

can be controlled to create films between 5 and 100 nm,

with lower pressure and lower speed causing thicker films

[63]. Another study demonstrated a range in thicknesses as

a function of sliding speed (0–60 mm/s, 5 N), and cate-

gorized two film types. At low speed, a boundary layer of

adsorbed protein molecules formed from aggregated pro-

tein molecules to form a gel. At high speed, the gel formed

and then sheared to a thin film with a lower lubricant film

thickness [67]. Contact of this protein phase is complex and

dependent on a number of contact conditions and lubricant

properties.

Further characterization in this field includes explant

studies from patient hips, including light microscopy,

SEM, TEM, EELS, EDS, XPS, and Raman spectroscopy

[57, 68]. By investigating at the nanoscale, Liao et al. [57]

characterized the articulating surfaces of explanted MoM

replacement tribofilms, SEM shown in Fig. 3d. With

Raman and EELS, it was determined the tribolayer was

primarily carbon (95 %) and that the carbon was nano-

graphitic (82 %), Raman shown in Fig. 4d and EELS

shown in Fig. 5c [57–59]. Reproducing these results was

attempted in simulators, but the carbon graphitic bonding

was only 65 %, as opposed to 82 % in Liao et al. [66].

Even with explant analysis and simulator studies, there is

no clear consensus on the tribolayer’s impact on perfor-

mance. The tribolayer can be considered beneficial because

graphitic film would act as a solid lubricant, but there are

also concerns of tribolayer degradation into tissue. Wim-

mer et al. [68] have shown reduced wear and electro-

chemical corrosion with the presence of the tribolayer, yet

Liao et al. [57] acknowledge that graphitic fragments could

travel into cells to cause damage.

2.5 MEMS

Microelectromechanical systems are another nanofeatured,

carbon-rich environment incorporating tribology, electrical

activity, graphitic carbon films, and wear products. Nano-

electromechanical or microelectromechanical systems

(NEMS or MEMS) are devices that integrate mechanical

and electrical functionality, and the mechanical function

requires specific lubrication. MEMS have become common

in consumer electronics accelerometers and in ‘‘lab on a

chip’’ medical testing. MEMS are made using techniques

of microfabrication, often pushing for smaller dimensions

with new fabrication methods; with these length scales,

typical lubricants cannot suffice [69]. A successful solution

for MEMS longevity in applied devices has been using

carbon film lubrication, especially vapor incorporation

[70–72].

MEMS devices are successfully lubricated through use

of carbon deposition that creates amorphous carbon films

or through alcohol vapor that creates an adsorbed mono-

layer on the surface. The carbon deposition can create a

wear film, shown in Fig. 3e [2], and the carbon-covered

surface can become partially graphitic [73, 74]. Stra-

whecker et al. [70] found that linear alcohols between 1

and 10 carbon atoms long oxidized silicon at room tem-

perature. At 10 % saturation of alcohol vapor, a monolayer

was adsorbed, and by 90 % saturation, about 2–3 mono-

layers were adsorbed [70, 75]. It was shown that surface

treatments of chemisorbed monolayers via functional

groups, although initially reduced adhesion, did not survive

mechanical contact [76, 77]. Carbon vapor, on the other

hand, is seen to more permanently adsorb as a film, con-

dense to a polymer, and act as a graphitic solid lubricant

[74, 78–80]. A major advancement in vapor phase lubri-

cation is that a hot surface is no longer needed to adsorb

and decompose the carbon source to a carbon film [75, 81].

Now the driving force for bond passivation is the reactivity

of the surface and the kinetics of the adsorption [69]. This

method, compared to hydrophobic coating which seize

after 3000 cycles, can run longer than 108 cycles with no

evidence of wear, particle formation or changing operation

characterized. An example of wear prevention is shown in

Fig. 7, a MEMS switch lubricated with pentanol [82]. The

enhanced performance comes from the graphitization of

the adsorbed carbon through sliding. Furthermore, if the

layer is worn, vapor in the device can repassivate the

exposed surface for continuous lubrication [83].

MEMS lubrication has potential advancements as more

complex defense and security applications require longer

and tighter tolerances for performance, which means more
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cycles of reliable lubrication with minimal wear [69].

Single-component vapor species, however, have a vapor

pressure that ranges by orders of magnitude over a narrow

temperature range, where the necessary vapor for lubrica-

tion may instead become a condensed liquid. Additionally,

filling a sealed volume with a known quantity of alcohol

vapor presents some processing challenges for MEMS

devices, as more control on vapor delivery and the possi-

bility of polymer delivery design could be beneficial. By

studying MEMS as a carbon lubricant system, the methods

used for creating and characterizing these devices could be

transferred to other triboactive systems, while other lubri-

cation systems could help inspire the needed advancements

for future MEMS designs.

2.6 Non-tribology: Catalysis Coke

By looking outside of tribology research, we can find

similar nanographitic carbon films to inform carbon tri-

bofilm systems. In catalysis, a parallel to graphitic tribo-

layers is seen in the formation of carbon coke. Coking is

the accumulation of carbon-on-metal catalysts and supports

through polymerization [84–86]. The process involves both

chemical and physical bonding of carbon to form a film

that eventually deactivates the catalyst. The process of

coking has been studied thoroughly for reaction informa-

tion, but can also be studied through the lens of carbon film

composition and evolution [84, 85, 87]. Through studying a

system with carbon, catalysis, and heat, but not tribology,

mechanisms can be isolated for better understanding.

Similar to the reactions in tribochemistry, coke forma-

tion is considered a polymerization reaction, which forms

surface coating carbon macromolecules. The reactions that

lead to the film depend on the composition of the reaction

mixture in addition to various reaction mechanism path-

ways. Through Raman spectroscopy, Li et al. [88] showed

that polyaromatic and pre-graphitic species are predomi-

nant in zeolites, shown in Fig. 4e. Most coke research

characterizes film as either polymerized [84, 89–91], pre-

graphitic [88, 92], or graphitic [85, 93]. In addition to

Raman spectroscopy, NMR [94], EELS [92], or X-rays

[93, 95] are used to characterize the carbon bonding, with

the EELS shown in Fig. 5 d measuring 83 % graphitic

bonding [92]. Similar to tribofilms, there are often two

types of coke described, an easy-to-remove initial forma-

tion and a difficult-to-remove carbon film. The difficult-to-

remove coke has less hydrogen content and has developed

into insoluble carbonaceous deposits [84, 94, 95].

In a catalyst, the structure of energetically favorable

available sites can affect the allowable reactions and rate of

the coke formation. This surface dependence is similar to

the structural surface parameters affecting tribofilms during

contact [90]. In the catalyst system, we see that reaction

time, temperature, pressure, nature of the reactant, and

operating conditions all affect coke formation [85]. Coke is

also known to occur with gas reactions, where monolayers

of carbon-containing molecules adsorb and react [86, 96].

Trimm et al. note that ‘‘carbon on catalysts behaves

somewhat differently than graphite’’ [87, 97, 98], yet it

may behave similarly to the nanographitic tribofilms. The

important similarity is how the graphitic bonding evolves.

There are similarities between coking in catalysts and tri-

boactive systems, as triboactivity is only one factor in

forming graphitic carbon films.

2.7 Other Examples: Cast Iron, Video Tape,

Nanocomposite Coating

Carbon film generation is found in surprising places in the

literature. We find that by looking beyond the initial search

of ‘‘friction polymer’’ literature, more carbon films with

striking triboactive and lubrication similarities are found.

Here, we present three examples of carbon tribofilms that

complement the discussion.

One example is research done on video tape recorders

by Mizoh et al. [99] in the 1990s. This research examines

the beneficial mild wear in video tape recorders (VTR) as

high-speed rubbing on the magnetic tape produces a self-

cleaning effect [99–102]. Without the wear, a polymer and

brown stain form, which affects the reliability of the

equipment. In the tribological system, the head factors,

tape factors, and atmospheric factors are all found to

determine formation of the tribolayer and whether wear

Fig. 7 MEMS switch lubricated in air and pentanol, showing the

buildup of wear when unlubricated [82]
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occurs [99]. The real contact area and the friction coeffi-

cient are considered as key design choices [99, 103]. The

VTR system has a balance between the need for some wear

for self-cleaning, but also the need to limit wear for longer

head life. When humidity is high, the tribolayer causes film

deterioration and is described as an easily removable, high

molecular weight organic polymer with metal fragments;

when humidity is low, the friction polymer formed sticks to

the surface and reacts with the surface metal to cause sei-

zure. It consists of iron, silicon, and carbon of about

500–700 Å thickness [100, 104]. These results echo the

other fields discussed.

A second example is the glaze that forms during the run-

in of cast iron. Cast iron is considered to have an important

run-in period where smoothing of the surface and forma-

tion of a surface coating occurs [105]. The surface coating

is considered to be derived primarily from the graphite

present in the metal structure and the iron oxide, Fe2O4.

The glaze is measured to be as thick as 1 mm and ranges in

carbon content from 30 to 100 %, shown in Fig. 3f

[105, 106]. The layer imparts a resistance to scuffing dur-

ing the contact of mating surfaces, but just as importantly,

it covers surface irregularities to produce a smoother sur-

face [106]. This smoother surface allows higher loads to be

carried by a fully hydrodynamic lubrication film without

interaction of single asperities. An example of this used in

industry is in internal combustion engine cylinder bores

[105]. Montgomery et al. [105] consider that the carbon

was ‘‘doubtless in the form of graphite’’ and also assume

that there would be little to no thermal decomposition of

the lubricating oil during the experiment. It was assumed

that the carbon comes from the graphite in the cast iron and

could not come from the lubrication oil [105, 107, 108].

These experiments from the 1960s help to show the evo-

lution of the carbon film research and help to identify

where assumptions were made.

It is now known that lubrication oil decomposition is

indeed possible and can even start to be controlled [109].

This is demonstrated by a nanocomposite coatings patent

[110]. The patent claims the production of a carbon

lubricating film forming from deposits of a lubricating oil.

The deposits form through reacting with the precisely

designed nanocomposite active surface coating. The pro-

cess of the lubricating film formation is remarkably similar

to varnish formation, but in a more controlled way through

the nanodesigned triboactive surface. The patented coating

from Erdemir et al. [110] shows the design of a

nanocomposite consisting essentially of a microstructural

matrix of a catalytically active alloy of Cu, Ni, Pd, Pt, and

Re. The lubricant is catalytically broken down and is dis-

posed on the nanocomposite coating during sliding, as

shown in Fig. 8a, b [110]. This carbon film was charac-

terized through Raman spectroscopy, as shown in Fig. 8c

[110], and appears very similar to DLC films which are

known to continue to develop graphitic bonding as they

slide. With the current knowledge across fields, these

examples from literature and patents can be further

explored through experiments to develop the next genera-

tion of designed advantageous tribofilms.

3 Mechanisms of Formation

Now that the carbon film systems have been profiled, we

describe mechanisms of the film formation. In the carbon

film generating systems presented, the composition and

structure of the films are shown to be similar, and the

mechanism share similarities as well. Here, we present key

mechanisms that have been proposed in the literature.

Some mechanisms, such as elevated localized heat, are

frequently studied, whereas other contributors, like cat-

alytic activity, have been researched thoroughly in some

areas and seemingly forgotten in others. It is beneficial to

study mechanisms, as some films are beneficial and some

are harmful, and by finding differences in the mechanisms

of formation, there is possibility to control film formation

for advantageous properties. We lay out mechanisms by

category, highlighting where seemingly disparate fields

present parallel mechanisms, to show opportunity for

future synergistic research.

3.1 Pressure, Temperature, and Friction

All mechanisms of film formation have interplay and

codependence. The most prominent contributors are

localized increases in pressure, temperature, and friction.

Cyclic sliding magnifies the effects. In these systems, local

temperature spikes are due to single asperity friction or

bubble collapse. Often in experimental setup, however, the

entire system is elevated to simulate local heat. We address

pressure, temperature, and friction together because they

often cause one another. This triboactivity provides energy

to induce graphitization.

As two surfaces come into contact with organic lubri-

cant in-between, a system becomes tribochemically active.

Friction occurs through the contact of nanoscale asperity

features, and particularly, the point of contact has high

frictional forces. In 1958, Hermance et al. [4] determined

that ‘‘side to side motion was critical’’ for the organic

deposit to form on metal surfaces in a benzene atmosphere.

It is known for friction polymers that contact causes flash

temperatures and high pressures [3]. In metal-on-metal hip

implants, cyclic loading is thought to aid and accelerate the

deposition process of protein films through increased pro-

tein–protein interaction, protein transport, and rearrange-

ment of adsorbed proteins [67, 111]. Contact and shear
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forces contribute energy that allows lubricant molecules,

whether proteins or hydrocarbons, to adsorb, react, and

rearrange into a film. Friction at the surface, especially at

the real contact area at single asperities, causes rupture of

covalent bonds by frictional shearing [64]. Additionally,

frictional forces are dependent on material and surface

properties, as these factors also influence formation of

tribolayers.

During asperity contact, high pressure and high tem-

perature occur. The culprit is not overall system heat, but

extreme pressures for small area and duration [4]. In par-

ticular, in varnish, heat is considered the major issue [40].

Both friction between metal surfaces and bubbles implod-

ing within lubricant create enough heat to cause oil

molecules to oxidize; oxidized molecules then lead to

polymerization [39, 44]. The combination of oil-on-metal

and metal-on-metal interactions can generate high tem-

peratures and static charges that lead to spark discharge

[40, 44]. In hydraulic systems, microdieseling is the

implosion of entrained air bubbles when oil passes through

a high-pressure pump in a hydraulic circuit [44]. Air

compression bubbles can reach at least 1000 �C and can

produce low molecular weight hydrocarbons from oil, as

degradation can easily occur in the 300–900 �C range

[44, 45]. Similar to dieseling, adiabatic compressing can

generate temperatures between 600 and 900 �C, while dark
electrostatic discharge can cause temperature between

5,000 and 10,000 �C, whereas full spark discharge will

generate a regular flash and nanosecond temperatures from

10,000 to 20,000 �C [40]. These data are primarily reported

in trade publications by authors from the company

Kleentek USA, yet research on hip implants and catalysis

also report temperature as a key factor. Research on

CoCrMo hip implants has shown that the mean temperature

increased to 40–50 �C at the CoCrMo head and to 55 �C at

the ZrO2 head surface. For in vivo, the peak temperature

from frictional heating in a total hip implant has been

measured at 43.1 �C at the center of the joint’s head [64].

The human albumin proteins are partly changed through

the thermal denaturation at the sliding contact [64]. While

Fig. 8 a Lubricant derived

carbon film that forms during

sliding on the nanocomposite

surface, b design of the

nanocomposite surface

composition, and c Raman

spectra of the film (indicated as

4 in the figure) presented with

Raman spectra references of

diamond (indicated with 1) and

graphite (indicated with 2).

United States Patent and

Trademark Office [110]
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in catalysis, coke forms between 650 �C for the pyrolysis

of hydrocarbons [98, 112]. Another study reports that

polyolefinic and aromatic species form around 25–425 �C
[88]. These thermal increases across systems from friction

and pressure provide the energy needed to react the carbon

into film with graphitic bonding.

3.2 Deposition and Adsorption

For systems with liquid lubricant, film formation begins

with particles accumulating on the triboactive surfaces.

Particles precipitate out of solution to form deposits on the

surface; this is the precursor for the tribolayer [63, 64, 66].

Carbon-based lubricants go through chemical changes, due

to pressure, heat, and friction, which cause chemical

reactions. As the chemical products build up in solution,

they agglomerate, polymerize, and drop out of solution.

Polymerization will be further addressed the next sec-

tion. The majority of research for deposition and adsorption

come from varnish and hip tribolayer research.

In varnish, chemical reactions generate products that

lead to new chemistry, different than the oil and its addi-

tives [113]. Oil degrades into micron size particles of

higher molecular weight products that precipitate out of

solution [42, 113]. Following precipitation, products

deposit onto colder system surfaces such as cooler tanks

and actuators. The low flow areas of the varnish circulation

cause ‘‘soft’’ contaminants to form, whereas triboactive

surfaces cause thin layers that harden over time [42].

Friction polymer research also describes the initial stages

of polymer formation as ‘‘light colored and highly insol-

uble’’ deposits of saturated hydrocarbons [4]. Similarly in

hip tribolayers, the proteins degrade by denaturing during

triboactivity, and then deposit on sliding surfaces

[64, 66, 67, 111]. This adsorption of albumin to one or both

of the sliding surfaces is found to be a crucial factor for hip

tribofilm formation. Furthermore, it is found for the hip

tribolayer that metal and polymer surfaces will adsorb

deposits, but Al2O3 will not denature or adsorb albumin

due to the hydrophilic surface [66, 114]. The local metal-

lurgy of femoral heads could also cause preferential

adsorption [19].

For vapor carbon sources, the first steps of the reactions

are adsorption on the surface and then reactions yielding an

observable deposit. An early study showed friction poly-

mer formation from benzene lubrication [4]. During the

‘‘highly efficient process,’’ a monolayer of benzene was

converted to a solid product after each pass over the sur-

face. The adsorption step is crucial here; it was shown that

an initial introduction of hydrogen would block deposit

formation [4]. MEMS devices are also lubricated with

alcohol vapor that adsorbs to the surface. The reactions can

be measured through secondary ion mass spectroscopy

(SIMS). For a MEMS device, wear did not occur if the

carbon vapor pressure was at least 8 % of the saturation

pressure, or P/Psat C 8 % [83, 115]. This saturation cor-

responds to a monolayer in coverage which created a

lubricious environment that mitigated the friction and

wear. Similarly with coke, the carbon source also comes

from the air, and the carbon gas reactions happen when

monolayers of carbon adsorb onto the catalyst and react

into coke [96, 116]. The adsorbed carbon creates the car-

bon building blocks for tribofilms.

3.3 Polymerization and Organometallics

With the energy from heat and friction, carbon lubricants

react, drop out of solution, deposit, and continue to poly-

merize. Discussion of high molecular weight species, oli-

gomers, and polymerization is prevalent throughout

research in friction polymers, varnish, hip tribolayers,

MEMS, and catalysis. The friction polymer found on

video-recording tape is even found to have a high molec-

ular weight [99, 103]. The commonalities show that poly-

merization is key to forming graphitic films.

Early research on polymerization in friction polymers

showed that high molecular weight species developed

between lubricant and metal surface. Hermance et al. [4],

studying metallic contacts in 1958, assumed the organic

deposit was ‘‘a very thin layer of high molecular weight

material’’ and that it was likely cross-linked with little

oxygen in the molecule [4]. Later in the 1970s, Hsu and

Klaus used gel permeation chromatography to identify the

presence of high molecular weight species, including

organo-iron species [15, 16]. The species were identified as

high molecular weight organometallic polymers of variable

molecular weights (10,000–100,000 MW) [7, 39].

Across systems, high molecular weight polymers are

present. In varnish, the formation begins with the con-

densation and polymerization to form high molecular

weight oligomers and the agglomeration of insoluble

partings on metal surfaces [39, 42]. In the hip tribolayer,

the transformation of protein to graphitic carbon film is

explained by first showing that lower molecular bands were

formed during mechanical denaturation through rupture of

covalent bonds in human serum albumin by frictional

shearing motion [64]. The denatured proteins adsorb on the

metal surface, forming a gel-like layer of higher molecular

weight. This gel reacts into a graphitic tribolayer, which

acts as a solid lubricant [67]. Similarly in MEMS, a high

molecular weight product forms on the contacts, and it has

been shown that ‘‘higher’’ alcohols (4\ n\11) reduce

friction and cause low-wear rate as compared to the lower

alcohols (n\ 4) [117]. This would support the idea that

they could polymerize to high molecular weight species,

which could form a lubricating tribolayer [69]. It is
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postulated for MEMS that metal alkoxides condense to a

polymer and act as lubricant, showing another example of

the intertwined roles of oxidation, organometallics, and

polymerization [80]. Coke on catalyst formation can also

be considered a kind of condensation–polymerization

reaction, resulting in macromolecules [87]. Often the initial

hydrogenated carbon molecules are characterized to be

CHx with x varying in studies to be 0.5\ x\1 [118], or

1\ x\3 [95], or x = 2 [91]. XAES spectra indicate that

with longer reaction time, the hydrogenated carbon dehy-

drogenate slowly to amorphous or graphitic carbon [118].

The pathway to coke from olefins or aromatics can involve

polymerization, cyclization to form benzenes, and forma-

tion of polynuclear aromatics [86, 89, 90, 119]. This

transformation in polyaromatic carbon makes the film less

reactive and difficult to remove [95, 98, 112]. Polymer-

ization seems to present as the key step between carbon

building blocks and graphitic film.

Organometallic formation is a step in the process of

tribolayer formation. In friction polymers, the role of

organometallics has been shown on a variety of metal

surfaces to accelerate the rate of hydrocarbon oxidation

[16]. It has been found that dynamic wear tests at room

temperature form oil-soluble, metal-containing compounds

[3], which are primarily high molecular weight organo-

metallics [3]. Organometallic compounds have a relative

molecular mass ranging from 100 to 100,000 MW. The

carboxylic acids formed from hydrocarbon oxidation are

proposed to react with the metal surface and two hydrogen

atoms to form conjugated double bonds [14]. This shows a

possible pathway for multi-elemental lubricant to become a

primarily carbon film. In iron alloys, organometallic com-

pounds are formed between the iron surface and base oil

and are considered essential to lubrication as this surface

activity is part of the dominant tribochemical reaction.

Similarly, CoCr alloys form organometallic layers during

wear, showing that this is a possible mechanism inside the

hip MoM contact as well [66, 120, 121].

3.4 Catalytic Activity and Fresh Surfaces

Catalytic activity is another step of the reaction process

that helps explain how these tribochemical reactions are

possible. In the case of coking on an intentional catalyst,

the catalytic elements are obvious, and in the case of a

triboactive system, exposure of fresh surfaces can provide

the catalytic activity. By looking at similarities between

triboactive systems and coke, we can begin to isolate

mechanisms and see how many steps are influential to form

the carbon films seen across these systems.

Metal surfaces have been noted for their role in tribofilm

formation from the early studies in the 1950s–1970s. Her-

mance et al. [4] noted that the surface was an ‘‘active metal’’

and the reaction would come to a standstill when it was

completely covered with tribofilms or if hydrogen was

incorporated in the chamber. Klaus et al. found that a variety

of metal surfaces accelerated the rate the hydrocarbon oxi-

dation, concluding that metal reacts directly the organic

lubricant to form metal salts [3, 16]. Nascent iron surfaces

were shown to react with hydrocarbon molecules to form

smaller molecular fragments, with the carbon source being

liquid or gas [9, 11, 15]. Iron and steel are often studied [9, 15];

early studies noted that palladium, molybdenum, tantalum,

and chromium can form the carbon tribofilms as well [4].

In addition to metals, semiconductors and insulators can

cause tribochemical reactions as well. When a new surface

is created, residual electric charges can become active

because of disrupted surface bonds [122–124]. For crys-

talline solids, dangling bonds have been observed as the

major surface active site for reactions [17, 125, 126]. The

surface chemical reactivity for these classes of solids can

be dominated by defect sites and dangling bonds, espe-

cially when heated to bond dissociation temperatures or

mechanically disrupted.

By looking at pure catalysts, we can discover that

adsorption, polymerization, and graphitization can all

occur with the encouragement of catalytic activity instead

of with friction. Carbon gas reactions occur where mono-

layers of carbon adsorb and react on the catalyst surface

[88, 96]. Metal catalysts yield olefins, which polymerize on

the acidic sites of the support and then stabilize through

dehydrogenation [84, 90]. The presence of catalytic ele-

ments in all the reviewed systems, even in small quantities

as alloys, explains how catalytic activity provides energy

pathways for graphitic film formation.

3.5 Graphitization

The process of graphitization, amorphous carbon turning to

graphitic ordered carbon, is a well-studied phenomenon

that is a key process in the formation of carbon tribolayers.

Amorphous carbon deposits are often thermodynamically

unstable, and when external thermal energy is provided, the

atoms begin to rearrange and assume more thermody-

namically stable bonding configurations, i.e., partially

graphitic structures which contain more sp2 bonding. While

the end point may be an ordered graphite structure, more

common is a disordered matrix with nanoscale regions of

graphitic bonding. In DLC or diamond systems, this pro-

cess is a rehybridization of the carbon–carbon bonds, but

when the starting materials are oils, waxes, or proteins, it is

an oxidation since carbon–hydrogen or similar bonds are

being converted to sp2 carbon–carbon bonds. The graphi-

tization process often turns a carbon-containing film into a

solid lubricant.
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The tribochemical reactions between amorphous carbon

sliding surfaces cause low-friction tribofilms to form

[127, 128]. For DLC films, graphitization, sometimes

explained as rehybridization, is often investigated in as

DLC become more lubricating during sliding because the

amorphous film turns partially graphitic [31, 32]. Heat and

catalytic activity can also turn amorphous carbon to gra-

phitic, but in most of these systems tribochemical contri-

butions are most significant. Tribochemical transitions are

mechanochemically active; amorphous atoms change

position as they react [29]. Recent concepts of tri-

bocharging, tribomicroplasma generation, and triboemis-

sion phenomena have been proposed to contribute to

graphitization as well [129].

By looking at these systems together, we can find con-

nections between the prominent DLC research and details

found in other fields. For most DLC films, Raman spec-

troscopy and electron diffraction can show disordered

graphite structure in transfer layers [27, 130–133]. For

MEMS, graphitization is seen in parts fabricated of

amorphous diamond, which produce a low-wear, DLC-like

film. High-cycle varnish areas are found to be graphitic, as

shown in the varnish Raman and EELS data, which point to

tribochemical contributions (probably oxidative) causing

graphitization in this system as well [39]. In coke, the

process of carbon oligomers dehydrogenating to amor-

phous carbon and then to graphitic carbon is described by

XANES measurements over time [95]. The graphitic con-

tent of carbon films is an important aspect, as this quality

influences lubrication properties.

3.6 Nanoparticles and Metal Particles

The influence of wear and wear particles is often men-

tioned in carbon films research, but the ties to a mechanism

of formation are not directly clear. Carbon nanoparticles

form in varnish, starting at 10–2000 nm, but they are dif-

ficult to measure with standard industry practice [42]. In

industry, the aim is to prevent and control these very small

carbon-based particles through improved cleanliness

monitoring, as the particles are thought to increase wear.

These particles are most likely the initial form of the

condensing polymers before aggregation, but research

suggests that they influence lubrication in a different way

when they are still soluble as opposed to once they deposit.

Metal nanoparticles are included in some system anal-

ysis, mostly in MoM hip or iron-based systems. In hip

simulator experiments, the film created was organometallic

in nature, containing a number of embedded particles. The

particles in the film were smaller and smoother in mor-

phology than those typically ejected from the bearing

[64, 66]. The hip simulator experiments show that metallic

particles may cause the initial protein denaturation. This

would indicate that metallic particles are a precursor to

tribolayer formation, yet this conclusion is not definitive

[66]. Furthermore, in cast iron glaze, iron oxide nanopar-

ticles are found in the run-in layer and considered to be a

key component generated during wear and then tribolayer

formation [105]. The presence of nanoparticles creates

additional triboactive surfaces as they act as third body

particles. It is not conclusive whether there is a specific

mechanistic role of nanoparticles in tribofilm formation.

4 Discussion

After introducing key carbon film systems and breaking

down the mechanism that cause film formation, we discuss

particular similarities, reaction thermodynamics, and future

opportunities.

4.1 Similarities

The systems summaries and mechanisms explanation pre-

sent substantial evidence of similarities between these

carbon films. There are similarities in appearance, chemical

composition, chemical reactions, and influence on perfor-

mance. The presence of carbon films has been heavily tied

to performance—both good, detrimental, and mixed—yet

film characterization provides insight that applies across

systems.

The notable parallels begin with descriptions and word

choice across fields. Friction polymers and varnish are

noted to appear initially pale yellow and darken in time,

often described as dark reddish brown and sometimes shiny

[4, 10, 42, 44]. Even the early friction polymer from

Hermance et al. [4], once heated, was said to resemble a

‘‘coke-like residue’’. Beyond appearance, the dual forma-

tion of the carbon films was noted across systems—in

friction polymer, varnish, MoM hips, and coking—as both

having an easily removable carbon film and a more adhered

form as well [6, 44, 67, 88]. This description, along with

proposed mechanisms across these systems, seems to point

to initial globular polymerized deposits versus the further-

reacted, graphitized films. With these similar mechanisms,

there are even parallel reaction diagrams, showing organic

precursors turning into pre-graphitic condensation products

in friction polymers and in catalysis, as shown in Fig. 9a

[134] and 9b [135], respectively. These parallel formation

theories from vastly different fields are striking.

4.2 Thermodynamics

It is clear that the carbonaceous material from friction

polymers, DLC, varnish, hip implants, MEMS, and cat-

alytic coking share striking similarities. Something general
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is taking place—what? A phase map of carbon structures

from the literature, shown in Fig. 10 [53], provides

important clues whether we superimpose the approximate

positions of amorphous carbon, proteins, oil products, and

graphite [21]. Through heat, friction, catalytic activity, or

some combination, the carbon sp3 bonding shifts to sp2

graphitic bonding, coupled with loss of hydrogen and other

elements as volatile gases or liquids such as water and

carbon dioxide.

Experimental demonstrations can show how heat and

sliding can both individually contribute to graphitization,

which mirrors the thermodynamic evolution in different

systems. A DLC study by Wu et al. [31] annealed DLC

films at different temperatures and then used Raman

spectroscopy to characterize the graphitization at various

temperatures. In Fig. 11 a, it was shown that as the anneal

temperature increases, the hydrogen was driven away and

the formation of sp2 bonding or graphitic microcrystallites

Fig. 9 Similarities in reaction diagrams showing organic precursors

turning into pre-graphitic condensation products in friction polymers

and coke. a For a friction polymer, general pyrolysis scheme of

phosphates through thermal degradation [134]. b For coking,

carbonium ion mechanism for formation of higher aromatics from

benzene and naphthalene [135]

Oil products

Proteins

Graphitic tribolayer

Fig. 10 Ternary phase map based upon for various carbon films [53],

including proposed approximate placement for proteins and oil

lubricants, which shows their respective sp2, sp3, and hydrogen

contents. This provides a map of the dynamic change of these

materials into graphitic films
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began [31]. For comparison, in an experiment on nearly

frictionless carbon by Merkle et al. [136], carbon film

underwent sliding with EELS measurements documenting

increasing graphitic bonding, shown in Fig. 11b. The

energetic input does not matter, the carbon composition

reacts toward the lowest carbon form, graphitic bonding.

To further explain the possible reaction pathways, the

carbon systems can be analyzed from the point of open

system thermodynamics. Lubricant oils, proteins, and other

carbon sources react to become primarily carbon in com-

position; the other elements become volatile products such

as water and carbon monoxide. The driving force—heat,

friction, or a combination—plus coming into contact with a

catalytic metal surface increases the reaction constant by

decreasing the activation barrier for sp2 bonding. The

probability that the bonding will shift from amorphous to

graphitic can be calculated by

P sð Þ ¼ exp
� E � r � Cð Þ

kT

� �

where E is the energy barrier, r is the stress applied, C is a

constant, k is the Boltzmann constant, and T is temperature.

We can compare a system at room temperature with an

applied stress and a system at high temperatures with no

applied stress to explain the stress-assisted graphitization

of carbon. We can assume an energy barrier on the order of

1 eV for the amorphous carbon to graphitic transition

[137, 138] and 40 MPa for the applied stress similar to a

hip implant or machine applied to a volume of

2 Å 9 2 Å 9 2 Å [139]. Graphitization can occur at

1500 K with no stress and can occur around room tem-

perature with assisted stress, although at a rate of about

5000 times slower. This model agrees with our observa-

tions across systems.

4.3 Future Opportunities

Connecting these fields of research could begin to answer

why some films are advantageous and others are not.

Friction polymers can be designed to be beneficial, yet

small changes can degrade system performance. Changes

such as film thickness or particle generation take a friction

polymer outside the design tolerances. Machine tolerances

may be why the varnish tribolayer is considered detri-

mental, as varnish is often uneven and inhomogeneous. It is

deposited without intention, outside of the parameters of

the machine. The hip tribolayer is also unintentional, yet it

is experimentally theorized to be protective. By studying

the formation of the two tribolayers together, beneficial

tribolayers can be designed to form, similar to the patented

nanocomposite system. Further opportunities come from

understanding commonalities in the formation mecha-

nisms. Both MEMS and friction polymer fields study the

film formation differences between metal and organic

substrates, connecting how the substrate leads to an

effective film. Both metal hips and varnish deal with static

charge that leads to spark discharge, and by studying the

metal-on-metal contacts, it could be mitigated or controlled

in both systems [40, 44]. For film formation, MEMS, cast

iron, and nanocomposite coatings all need a reservoir or

carbon to begin and continue their formation, yet this

evolution is not well understood [69, 105, 110]. Cast iron

graphitic layers do not only act as a solid lubricant, but also

as a cover to single asperities; these layers can inspire other

film designs [105]. Additionally, there are carbon film

systems not addressed here, possibility very specific to a

field; those carbon films could be analyzed or applied

across discipline for novel outcomes. Other forms of par-

tially graphitic carbon, such as glassy carbon, could also be

Fig. 11 Examples of input

energy causing graphitization in

DLC and NFC carbon films.

a At increasing heat treatment

temperatures, DLC film became

increasingly graphitic, measured

by Raman spectroscopy [31].

b During in situ sliding, NFC

film became more graphitic

measured by EELS [136]
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beneficial for comparison. These possible research con-

nections can lead to improved design for better

performance.

Mutually beneficial information can be exchanged

through collaborative monitoring, characterization, and

design techniques. For example, the multivariable analysis

of SIMS used in MEMS analysis allows for rapid identi-

fication of subtle changes in chemistry. SIMS could be

used for chemical evolution measurements of friction

polymers to expand beyond the current steel–hydrocarbon

system knowledge [115]. In varnish work, nanoparticle-

tracking analysis requires particle detection between 10

and 2000 nm, yet this work is complex and expensive,

outside of the usual scope of varnish monitoring [39, 42].

In academic laboratories, however, nanoscale characteri-

zation and monitoring is becoming standard. Through

collaboration, research on varnish could also inform the

work on nanoparticle condensation polymers that occur in

friction polymers, hips tribolayers, and other systems.

Through cross-field research, designing controlled catalytic

surfaces could lead to engineered varnish films as benefi-

cial lubricants.

5 Conclusions

• Notable carbon films are present in many fields. The

systems of friction polymers, diamond-like carbon

(DLC) coatings, varnish from industrial lubricants, the

tribolayer from metal-on-metal (MoM) hip replace-

ments, microelectromechanical systems (MEMS), and

catalysis coke produce similar graphitic carbon films.

Graphitic carbon films can be a helpful solid lubricant

or can form a damaging deposit.

• Key mechanisms of formation of graphitic carbon films

include pressure, temperature, and friction; deposition

and absorption; polymerization and organometallics;

catalytic activity; graphitization; and particle interac-

tion. The energy inputs to a system, through heat,

friction, or catalysis, causes graphitization. The result is

often regions of nanographitic bonding, creating a

partially graphitic film.

• Through integrating research approaches, cross-field

collaboration can allow for innovative developments.

Creativity comes from bridging disciplines: a good idea

from one discipline can be an innovate idea when

applied to another.
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