BRAMAT 7" International Conference on Materials Science Emdineering — BRAMAT 2011
2011 Brasov, 24 — 26 February 2011

A GENERAL OVERVIEW ON PERFORMANT AND COST — SAVING
SOLUTIONS IN DESIGNING COATINGS FOR FUEL INJECTION
SYSTEMS

Corina COJOCARIU, Adnana MARIN, Camelia GABOR , Daniel MUNTEANU
Transilvania University of Brasov, Romania

Abstract. According to C. Treutler [1], in Europe, more th&®% of all new cars are equipped with Diesel eeglin
including also the high class cars. High-pressojection systems with pressure values up to 200229 MPa) give

the best results for combustion. At the same timigh) - hard carbon coatings hold the key to impdoperformance for
these kinds of systems. Regarding this, Diamonel-tisrbon (DLC)-coatings present crucial advantagdsrms of

tribological properties (low friction coefficiennd low wear for both coated part and counter bodgjing a cheaper
variant of alloyed steel for manufacturing fueleiciion parts and combining it with a DLC depositithre results could
be very performing in terms of quality — cost agpeBpecially designed plasma processes for DL@ngsadeposition
allow keeping the component temperature below@0@ order to not modify by annealing the struetof steel used
and to decrease its hardness. This paper represémeretical study of a debutant Ph.D. studertspgyand it aims to
present a general overview regarding some advasiafgesing DLC films; at the same time, there aresented few
practical applications of these kinds of films iamafacturing certain parts of Diesel fuel injectgystems.

Keywords: fuel injection system, DLC coatings, tribologyfigient solutions

1. Introduction passenger cars are the high pressure of up to 2000

If we look at the applications today, it is fair to bar (200 MPa), low power consumption,
say that all majorities of diesel cars that havelightweight, low noise and long lifetime.
common rail or high-pressure injection use thietyp For low cost reasons, it should not need a
of coating technology on their diesel injection separate lubrication system. Unfortunately, the
components.  According to http://vehicle- quality of diesel fuel differs concerning the alili
engineer.com site, this technology was first usedo lubricate a mechanical contact of different
some ten years ago on the Volkswagen TDI enginegomponents. Therefore, we need solid lubricant
and this Diamond-like Carbon (DLC) coating coatings for several parts to protect them from
technology has been constantly fine tuned durindriction and wear [1, 2].
the last decade through both motorsport and Thin film coatings, deposited by the help of
production vehicle applications. plasma technology, are very hard and wear-

For modern environmentally friendly cars, we resistant. Intense plasma cleaning and ion
need engines with low emissions and with reducedombardment during deposition result in excellent
fuel consumption. adhesion and high density of the films.

On the other hand, we would like to have a fun  Thin films are highly suitable for parts with
driving experience and we want to buy the car at th low tolerances.
lowest price possible. Gasoline and diesel fuel  Specially designed plasma processes allow
injection systems provide the basis for the carkeeping the component temperature below’@d@
manufacturer to fulfil these targets. order not to anneal the steel used and decrease its

Diesel engines have a higher degree ofhardness.
efficiency in their use of the fuel energy. In Epeo On the other hand, the need for a moderate
more than 40% of all new cars are equipped with demperature of the parts to be coated will limi th
diesel engine, including high-class cars [1]. high deposition rate [1, 3].

According to the research in the field and DLC coatings have brought valuable cost-
different practical applications, High-pressure efficient benefits to engines in both the racingl an
injection systems with pressures up to 2000 basutomotive markets, and as such we anticipate that
(200 MPa) give the best results for combustion [1]. we will see DLC coatings used more and more in

The challenges for high-pressure pumps forboth of these industries.
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According to C. Treutler [1], for the protection coating, the profile of the cams is protected agfain
of component parts against friction and wear,wear (longer lifetime) but it also guarantees that,
diamond-like-carbon (DLC)-coatings show crucial long as the coating is applied, the performance of
advantages in a low wear, in the low coefficient ofthe camshatft is consistent (no gradual deteriaratio
friction (even for a non lubricated contact witkedt  in performance).
as counterpart) and in the low wear of the counter  On the other hand, the emissions outlets suffer
body. because the natural by-product of combustion are

Hence, for example, only the pump pistoncarbon deposits. As small, super hard particulates
needs to be coated and not the inner surface of tHeow through the filters, they come in contact with
pump cylinder, which would be very difficult. the moving parts and gouge them in a significant
Besides this, the costs for the coating of themanner [13].
counterpart can be saved [1]. If these parts are harder than the particulatey, th

Despite the current economic crisis, it is are crushed and absorbed; DLC coatings are usually
essential for the industry and market leadersad st stronger than whatever goes into the engine [15].
contemplating the recovery [13].

These leaders need to determine how theiR. Theoretical background on DLC coatings

company and products will be profiled during the In terms ofDiamond-like carbon propertiest
recovery to make sure they are back on track whefs often believed that the presence of sifes is the
business picks up again. only criterion for diamond-like properties. This is

The European Commission has recentlythe source of much confusion. Many soft
developed a programme to reduce vehicle, COtransparent  polymers  contain  high 3sp
emissions, which motor manufacturers must adhereoncentrations, but are obviously not considered as
too. Failure to meet these emission limits wilte  diamond-like [4]. In that case, only the opticapga
future result in financial penalties of at leasbg#&r is similar to that of diamond. In pure diamond, all
gram above the limit set by the EC [13]. carbon atoms reside in%pites, but the important

Many studies showed that using DLC coatingspoint is that these sites are interlinked by strong
reduces the friction losses, which translates intaovalent bonds (about 7.02 eV), with no weak chain
reduced consumption and, subsequently, loweelement (except at a few crystalline point defects)
emissions. Essentially, this means that DLC  This is one of the explanations for diamond's
coatings will be one way to help meet future ,CO hardness.
limits. In polymers, most of the chains of covalent

PSA Peugeot Citroén (previously Peugeotbonds are terminated by H atoms (C—H covalent
Société Anonyme - PSA Group) conducted a test thonds have energies of 4.1 eV for H-C, gp5 eV
measure the actual value of DLC coatings in thisfor H-C spg, and 5.4 eV for H-C Sh Between the
process. It revealed that DLC coatings applied orthain elements, discontinuities of much lower
tappets reduce overall fuel consumption by 1-2%binding energy are produced (hydrogen bonds of a
which equates to a saving of somewhere between Zfifferent kind than H-C covalent bonds, and van
3g/km of CQ [13]. der Waals bonds).

The biggest advantage of DLC coatings is that  This explains their “plastic” properties. In
they reduce C@emissions in existing engines, so graphite, the carbon atoms reside if sites, and
there is no need for a drastic redesign of therengi are interlinked by a higher binding energy of 7.03
Like an example, tappets can be coated, which casVv within the dense plane only, and the fourth
lead to a 1-2% reduction of emissions without aelectron of the outer carbon atom electron orbital
redesign of the valve-train. contributes to a weak binding energy of 0.86 eV

According to Mark Boghe [13] (Bekaert DLC between planes, explaining why it is much softer,
coatings), if a manufacturer wants to take fulland somewhat brittle.
advantage of this technology, however, these An amorphous mixture of exclusively carbon
coatings need to be integrated from the start @f thatoms will correspond mostly to spnd sp sites
design. At the same time, by applying DLC coatings(with a few sp sites), and the local binding energies
to components not only increases the lifetime ef th will be distributed around the energies of 7.0237.
components, but also extends the lifetime of theand 0.86 eV (often reported with an average of 3.6
entire engine. eV) [4].

Considering a camshaft, by applying a DLC According to the literature, many different
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categories of DLC films have been reported. Sfailure. This is because the yield stress is higher
Neuville presents a very professional synthesis othan conventional DLCs; this benefit is only of

these in [4]. According to this, the main groups ar value as long as the coating can accommodate the
a-C (non-hydrogenated amorphous carbon), a-C:Hubstrate deformation without debonding and as

(hydrogenated amorphous carbon) and polymeric dong as no cohesive cracking or delamination of the

C:H (highly hydrogenated amorphous carbon).
Within this classification, the concentration of sp

coating or substrate occurs, (e.g., when the sairfac
is subjected to the Hertzian contact pressures and

sites should also be considered. However, as wshearing forces usually encountered in practical

have seen above, the’spncentration alone is not a
sufficient criterion by which to determine property

contacts) [4].
When the substrate material deforms, then the

differences among different amorphous carborstress distribution is modified at the coating—
types, which may have a similar concentration ofsubstrate interface and in the film material.

sp’ sites. In practice, the mechanical and physica
properties are the factors,
differentiate DLCs.

- Polymeric amorphous carboa:C:H type DLCs

|  For this reason, different research programs

which define andtried to find solutions for decreasing gradient of

properties between surface (DLC layer) and
substrate and design properly the whole system:

containing more than 40 at.% hydrogen, are usuallgubstrate — interface — film (figure 1). Table 1

called polymeric amorphous carbon materials [4, 5]
which are very similar to “plastic” polymers.

- Soft graphitic a-C:Hs and a-CsAmorphous
carbon films with a majority of $msites (>90 at.%)

have properties close to graphite and a hardness

which can be lower than 10 GPa [4, 5, 6].
- Hard a-C:H and ta-CHydrogenated amorphous
carbon (a-C:H) can reach high hardness (about 5

GPa) when the H content is not higher than 20 at.%

and they contain a high ¥g¢ site ratio [5, 7].

These films have been considered for a long time a

very promising because of their low friction

coefficient (e.g., against stainless steel) in some

inert atmospheres [4, 8, 9].

presents 2 solutions founded by Bosch, in the case
of DLC coatings deposited on certain fuel injection
parts [1].

DLC coating

A

Intermediate (gradient) layer
Adhesion layer

L substrate

Figure 1. Schematic arrangement of a DLC supetficia
system with gradient of properties

- Tetrahedral amorphous carbon and polycrystallineraple 1. Substrate improving variants of load cipa

diamond. The differentiation between the

previously described hard a-C and ta-C can be ve
subjective when the carbon ®sgites are rarely

bonded to other types of atoms and carbon site
with a low bonding energy. In this case, it is no

longer necessary to consider the difference betwe
strongly bonded Spand weakly bonded 3psince

strong bonds (explaining their hardness as alrea
discussed) interlink almost all of them. This is

practically the only case where the diamond-lik
properties can be described with the sole critesion

DLC coatings [1]
System A. B.
? Functional DLC (free of | DLC (free of
layer metal) metal)
I .
Intermediate
layer C layer/WC/Cr CrC
y .
Adhesion Chromium Chromium
layer
Substrate Steel Steel

the sp concentration. Tetrahedral amorphous
carbon (ta-C) films contain a majority of
interconnected $psites (50 to 100% with hardness
of 70 GPa up to 100 GPa, which is close to
diamond) [4, 10]. Polycrystalline diamond is
composed of crystallites containing nearly 100%
sp’. They have hardness close to bulk diamond.
According to S. Neuville at alta-C filmsare
able to support higher levels of stress, in antielas
state, without fatigue effects leading to material

The tribological properties of DLC coatings do
not depend only on the type of coating, but also on
working conditions or contact parameters. Because
of that coefficient of friction depends on the
coating’s thermal stability, which is subject teith
as well as on atmosphere in which coating is
operating.

One very important factor in DLC coatings
performance is also humidity and the type of gas in
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which coating is operating [11]. bombardment ensures the film quality and an
According to M. Sedlakek at al., doping of unbalanced magnetron cathode supplies metal ions

DLC coating with different metals (Ti, Nb, Ta, Cr, for the adhesion layer and the metal-containing

Mo, W, Ru, Fe, Co, Ni, Al, Cu and Ag) leads to films.

changes in their mechanical properties (lower

internal stress and hardness, improved adhesion) & DLC coatings used for fuel injection

well as in their tribological properties, which mky system parts

reflect in decrease of atmosphere dependence [11].  Analysing the technical results in this field, we
Several methods have been developed fogan see that many internal combustion engines,

producing diamond-like carbon films. whether compression ignition or spark ignition
Plasma Enhanced (assisted) CVD techniquegngines, use fuel injection systems to provide

(PECVD) employing RF and DC glow dischargesprecise and reliable fuel delivery into the engine

in hydrocarbon gas mixtures produce smoothcombustion chambers.

amorphous carbon and hydrocarbon films (onto  sych precision and reliability are needed to

substrates negatively biased), which have mixéd Snmprove fuel efﬁciency, maximize power output,

and sp bonds. The CVD processes will generally and reduce undesirable emissions. Generally, fuel

require deposition temperatures of at least 600°C tinjection systems will include a fuel pump and one

give the required combination of properties; or more fuel injectors [16, 17, 18].

however, low temperature deposition is possible.  The fuel pump supplies fuel to the injectors,

The CVD technique gives good deposition rates angyhich subsequently provide precise control of the

very uniform Coatings, and is suited to very Iarge-fue| supp|y and t|m|ng to engine Cy|inders []_6]

scale productionHigh-power pulsed-DCsources According to the literature, Diesel engines have

may use as an alternative of r.f. PECVD methodhistorically used various forms of fuel injection.

Pulsed-DC PECVD technologies provide higherTwo common types include thenit injection

deposition rates, DLC films with high adherence,system and the distributor/inline pump system.

and do not require matching networks, resulting in While these older systems provided accurate fuel

reduction of production cost. quantity and injection timing control, they were
Another technique for DLC deposition is based|imited by several factors [17].

on lon Beam depOSition. This has the advantage of The common ralil injector system is used in

being able to deposit high quality coatings at verygasoline direct injection for modern two and four-
low temperatures (near room temperature). stroke gasoline-run engines, but is more popularly
The Closed Field Unbalanced Magnetronysed in diesel engines; in gasoline engines, the
Sputter lon Plating Process, is a technique that cagasoline is pressurized and injected into the
readily apply a-C:H films (> 4 um) to substrates of combustion chamber in each cylinder by the
any shape. The process is based on closed fielsbmmon rail fuel line. In diesel engines, the high-
unbalanced magnetron sputter ion plating,pressure fuel rail line feeds individual solenoid
combined with plasma assisted chemical vapougalves (figure 2) [17, 18].
deposition. Newer common rail diesel systems now use
The new technique combines the benefits ofyiezoelectric injectors (injectors that can gererat
both plasma CVD and ion beam deposition. Thean electric field when mechanical stress is applied
deposition is carried out between 150 and 200°C ig them) which results in increased precision and
a closed field unbalanced magnetron sputter iomjgher pressure.
plating system. Figure 3 shows two examples of parts which
Different companies (for instance Bosch) haveare coated with DLC [1]. There is the Common-
elaborated several proprietary processes to makRail-High-Pressure-Pump, in which a polygon-
diamond-like-carbon (DLC) - coatings. [1,12]. shaped roller on an eccentric tappet drives theethr
These are combinations of physical vapourpistons of the pump. The supporting areas of the
deposition (PVD) and plasma-enhanced chemicafoller have to withstand a high load, which is
vapour deposition (PECVD). perpendicular to the surface [1]. They need a
The highly ionized plasma, driven by energy protection for the running-in process and for the
from high frequency electromagnetic excitation andsmooth operation during lifetime.
a hydro-carbon gas inlet provide the carbon ions,  The injector needle opens and closes the outlet
which form the coating. An intense ion of the valve. It has to move very precisely within
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the valve and needs a coating with a low frictionthe coating to be approximately 30% of the cost of
coefficient to guarantee a reproducible amount othe component. The main advantage of the coating
fuel per each individual cycle of the engine. Thesds that it immediately extends the lifetime of the
two examples represent the two reasons for usingomponent. You can use it longer and it will wear
DLC-coatings for high wear resistance and lowless. In general, the lifetime is increased by a
friction. minimum of 50 per cent. This means that an
investment of 30 per cent is offset by an immediate

gﬂ‘:m“’? W N [ o Sowmn 50 per cent gain — not a bad deal, especially én th

| - I o O current climate.
s (i = Another use for DLC coatings is to refurbish

bimic: i components [13]. According to Michael De Maegt,
FIH e = S s the General Manager of Bekaert DLC, by
— — refurbishment it is possible to taking back coated
= and used components and recoating them [13]. This
]: d 1;’ way, there is no need to buy a new component. In
) ; = Injectors day-to-day use, most engines do not suffer any
v:é’ﬁ:-T-'l 1r+ excessive wear.
ASiuBions

----------

At the same time [13], DLC coatings still have
an important role to play as they allow a reduction
in friction losses and therefore consumption.
According to [13], a good example is coating
tappets in small gasoline cars. By coating the
tappets, the friction losses are reduced by no less
than 40 per cent, which translates into a redugtion
fuel consumption of around 1 to 2 per cent.

An application where this technology is focussed
at present is in the area of friction reductionjntya
in the valve train assembly and components.

By considering the energy that is wasted
through friction, the friction reducing DLC coatig
will contribute to a more efficient engine, thereby
decreasing emissions.

Preventing wear-related damage to biodiesel
driven engine parts is currently a high profileuss
in the automotive industry, along with efforts to
reduce fuel consumption [14].

Thereby protecting the part by reducing the
friction, it is also possible to reduce the weapatt
a. on the parts and their counterparts as well.

In addition, DLC coatings are very inert which
means that they do not react with the counterart a
the coating forms an amorphous carbon layer on the

Figure 2. Schematic arrangement of a common rall fu
injection system (a) and a photo of it (b)

b. surface of the component. The DLC coating also
Figure 3. Parts coated with DLC films inside of a has no affinity with the counterpart thereby
common rail fuel injection system [1] eliminating the tendency of seizing or welding
(a) injector needle; (b) polygon-shaped roller when one rubs the surfaces of two similar materials
together under pressure. One of the biggest
4. Economic aspects and technical advantages in the application of DLC coatings to
advantages of DLC coatings valve train components is that this technology can
The cost of DLC coating depends on, amongbe introduced without changing anything in their
other things, the size of the part to be coated. logistics or vehicle assembly process [15].
According to Mark Boghe [13|Bekaert DLC Manufacturers can use the same engine design

coatings) generally, it could be estimate the cost ofand install a coated component instead of an
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uncoated component. 7. Tamor, M.A., Vassell, W.C., Carduner, K.R. (19%tpmic

; ; ; ; constraint in hydrogenated “diamond-like” carbon
DL CACCC(())ar.S:]ngS tgsgﬂeirtl?allBOgg]f S[lg]C)l;n\{tsvsc;[mrgnal'rg)r Applied Physics Letters, vol. 58, no. 6, p. 592-5BISN
coating y buys yol JO 0003-6951
benefits. First, the hard and low friction layedlwi g grdemir, A., Switala, M., Wei, R., Wilbur, P. @B A

improve the wear resistance of the component. This Tribological Investigation of the Graphite-to-Diamdiike

results in a considerably longer life for your eveyi BehCaViOf of gmt?ffh?ug Cfafbon Foil'“gs 'Ct’_n'Be$n'[k>]e@|mSit
: on Ceramic SubstrateSurface and Coatings Technology,
a'md' its parts, and a stable performance for the Vol. 50, p. 17-23, ISSN: 0257-8972
lifetime of the coated component. 9. Enke, K. (1988)Amorphous Hydrogenated Carbon Films
EMRS Meeting Strasbourg XVII, Les Editions de la
5. Future research objectives of the group Physique Z.I. Courtaboeuf F-les Ulis France, p. 117

: : : : : 10. Neuville, S. (2002Jhe enhancement of interconnectedl sp
Havm.g n .mmd thIS. theoretlcal StL.de’ the sites by chemical effects during ta-C film groviiamond
authors will try in the proximity future to find ne and Related Materials, Vol. 11, Issue 10, p. 1723617
solutions for developing carbon-based coatings ISSN 0925-9635

(including here also DLC types), with performing 11. Sedlacek, M., Podgornik, B., Vizintin, V. (2008)

mechanical and tribological properties, which can Tribological properties of DLC coatings and comparis

be prepared at low temperatures. in O'od efficienc with test results: Development of a databaMaterials
prep p 1IN g Y Characterization, Vol. 59, Issue 2, p. 151-161, ISSNI4-

conditions. 5803
12. Reuter, W., Voigt, J., Neuffer, A., Lunk, A. @9 Plasma
6. Conclusions conditions for the deposition of wear-resistant arb

DLC fil fi | hani coatings Surface and Coatings Technology, Vol. 93, no. 1,
_ iims may possess exceptional mechanica g3 95 ssN 0257-8972
(h|gh_hardne_55)a OptICI?ll (high _optl_cal band gap),la. http://www.ae-plus.com/keytopics/cs-motorsport -
electrical (high electrical resistivity), chemical Bekaerthtm
(inert) and tribological (low friction and wear 14 E“PfZWV‘r']‘{V-Ieng'”e_e“ngta'k-Com/HEWS/
coefficient) properties and can be deposited at lowf> NtP:/vehicle-engineer.com =
o 6. http://en.wikipedia.org/wiki/Fuel_injection

temperature (< 200_ C). ' 17. http://en.wikipedia.org/wiki/Common_rail

The DLC-coatings could be considered anais. http://en.wikipedia.org/wiki/Diesel_engine

enabling solution for high-pressure fuel injection
systems, for components with higher performance
and higher lifetime and for cost efficient soluton
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