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Abstract

Diamond-like carbon (DLC) has excellent properties for the use as tribological 
coating such as high hardness, high wear resistance and a low friction 
coefficient. Nanolayer systems of hydrogenated diamond-like carbon (a-C:H) 
and silicon doped hydrogenated diamond-like carbon (Si-DLC or a-C:H:Si) have 
been studied. The objectives of this work are to develop layer combinations 
which allow combining low abrasive wear, low friction properties, and improved 
temperature stability for the coatings.
A literature survey on sputtering, plasma enhanced chemical vapor deposition 
(PECVD) and carbon based materials with a focus on a-C:H and Si-DLC 
coatings is given. This survey includes a brief overview of the 60 years history 
of DLC coating.
In the second part of the thesis, the experimental set up for the layer 
preparation by a magnetron based deposition method and a basic description of 
the process are presented. Using sputtering from a solid SiC target as a source 
of the Si for the Si-DLC instead of the commonly used PECVD process with Si- 
containing precursors Si-DLC/a-C:H nanolayers were deposited at high 
deposition rates.
For the coatings, the influence of the acetylene gas flow, the bias voltage, and 
the hydrogen and silicon concentration are discussed. Undoped a-C:H coatings 
with high indentation hardness above 40 GPa and very low abrasive wear rates 
of 0.6 x 10"15 m3/(Nm) and low hydrogen content of about 11 at.% were 
deposited. Si-DLC/a-C:H nanolayer coatings with high hardness of 20 to 30 
GPa and a high temperature stability up to 500 °C were prepared. For these 
nanolayer films low friction coefficients of 0.06 to 0.11 and high abrasive wear 
rates of >2.5 x 10'15 m3/(Nm) were achieved at high silicon contents above 15 
at.%. On the other hand nanolayer coatings with low silicon contents of less 
than 10 at.% showed low wear rates below 1.7 x 10“15 m3/(Nm) combined with 
higher friction coefficients of 0.12 to 0.15. In order to combine the low abrasive 
wear rate and the low friction coefficient at first a Si-DLC/a-C:H layer with low 
Si-concentration followed by a second layer with high Si-concentration was 
deposited. Due to the low surface free energy of Si-DLC coatings of 30 to 35 
mN/m the wetting behavior for some lubricants may deteriorate. In this case a 
further optimization of the nanolayer system is required.
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1. Motivation for the work

Diamond-like carbon (DLC) based coatings are well known for tribological 

applications e.g. on automotive engine components in order to increase the 

wear resistance and to reduce the frictional forces in tribological contacts with 

and without lubrication. The coatings are typically used under critical conditions 

characterized by high specific loads and/or mixed friction to direct unlubricated 

material contact situations.

DLC is a coating material which is widely used in the automotive industry. The 

scenario of limited fossil fuel resources and the need to lower C 02 emissions is 

the driving force to continuously improve the internal combustion engine and the 

automotive powertrain components. Therefore the aspects of the reduction of 

fuel consumption and C02 emission from the automobile create the need to 

minimize friction.

Holmberg et al. [1] estimated for the year 2009 that the worldwide fuel 

consumption (gasoline and diesel) which was required to compensate friction in 

passenger cars was 2.08x1011 liters, which corresponds to a combustion energy 

of 7.3x106 Terajoules. This study shows only for the friction losses an average 

fuel consumption of 340 liters per year for one passenger car having an 

average driving distance of 13000 km. Such friction losses in passenger cars 

could be reduced by 18% in 5 to 10 years which would reduce the C 02 

emission by 2.8x108 tonnes per year. It was estimated that in 15 to 25 years the 

C02 emission could be reduced by 61% which corresponds to 9.6x108 tonnes 

per year.

Tung and McMillan [2] of GM reported that a reduction of friction and wear in 

engine and drive train components could save only in the U.S. 120 billion US$ 

per year.

Affenzeller et al. give a relationship between the reduction of engine friction of 

an internal combustion engine (ICE) and the fuel saving potential for an 

automobile [3]. In Figure 1.1 the energy conversion of the potential combustion 

energy of the fuel to mechanical energy and finally to the propulsion of a 

passenger car are given according to data from the GM research center and 

own research. It is shown that the engine friction has a significant influence on 

the energy remaining for propulsion because only a small fraction of about 30 to

7



40% of the fuel energy is converted to mechanical energy [4, 5]. Therefore the 

fuel consumption is significantly influenced by the engine friction which 

consumes about 5% related to the fuel energy but 12 to 17% of the mechanical 

energy of the engine. The relationship between the reduction of engine friction 

and the fuel saving potential is shown in Figure 1.1 according to [3].

100% (fuel) 
Potential Combustion 

Energy

-40% (heat loss) 
Exhaust & 
radiation

Fuel Saving Potential by Reduction 
o f Engine Friction

=60% Energy —

(Heat loss) 
cylinders

=30% Energy 

(Engine Friction)

=25% Energy 

(accessories)

=23% Energy 

(driveline)

Energy fo r Propulsion:
Urban 12.6%
Highway 20.3%
Data source:
GM R&D Center

30%

25%

20%

ro 15%

Fuel Saving (friction)

new technologies

conventional

61%
15-20years

60%

Reduction of Engine Friction

Friction Reduction:
5-10years 18% (280 Mio. t C02) 
15-25 years 61% (960 Mio. t C02j 
Fuel consumption for Friction 
208.000 Mio. Itr. (2009) 
(Holmberg et al.)

Automotive engine (Furore)
40% reduction of engine friction

10% reduction of fuel consumption
- 7% piston components
- 2% crankshaft components
- 1% valve train components

Figure 1.1 : Friction reduction and fuel saving potential for automobiles with 

combustion engines, according to Affenzeller et al. [3] and Flolmberg et al.[1]

Using today’s measures, around 40% friction reduction was estimated which 

would offer a fuel saving potential of about 10%. In a 10% reduction of fuel 

consumption resulting from a homogenous reduction of friction on the engine 

parts which are relevant for the friction losses the piston components would 

contribute 7%, the crankshaft components 2% and the valve train components 

1%.

In order to reduce friction by applying a DLC coating it has to be considered that 

a direct material contact has to be present to achieve a benefit from the coated 

surface. This would be always the case under dry contact conditions but is also 

the case in fuel lubricated and oil lubricated systems under the conditions in a 

reciprocating internal combustion piston engine (ICE). In the reciprocating ICE

8



the engine strokes periodically move the pistons, the connecting rod, the 

crankshaft, the camshaft and the valves which includes periods of small and 

zero velocity. In this velocity region insufficient lubrication, boundary or mixed 

friction and solid contacts are present. There are new observations which show 

that at high speed conditions in the tribocontact - where under normal 

conditions a complete oil film is expected - several solid contacts can occur on 

critical components of a highly loaded downsized engine. The different contact 

situations for the applications of DLC coatings are shown in Figure 1.2.

dry fuel lubricated

fuel injector pump, fuel 
injection system

FuilfuBfication, 
insufficient lubrication, 

boundary-/mixed 
friction, solid friction

Figure 1.2 Application of DLC based coatings under dry, fuel- and oil- lubricated 

conditions

With PVD (physical vapor deposition) coatings significant reductions of engine 

friction can be achieved. The most important coating is highly durable DLC 

(diamond-like carbon) which offers low friction coefficients and high layer 

hardness. DLC coated components allow a significant reduction of wear and 

friction in automotive engine and drive train component groups.

In Europe the most important measure to reduce the fuel consumption of 

combustion engines is downsizing, which creates high specific loads on the 

engine components. This generates the need to further improve the durability of 

the surfaces in highly loaded contacts and therefore the application of PVD 

coatings which offer a fuel and C 02 reduction potential of up to 20%.
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For powertrain components like piston components, crankshaft components 

and valve train components the potential of engine friction reduction has been 

already mentioned.

The application of high-pressure direct fuel injection systems has significantly 

contributed to the reduction of fuel consumption and the C 02 emission. The 

injector components need DLC coating in order to reduce friction and wear and 

to withstand high pressure which is presently 2000 bar and expected to 

increase to 3000 bar [6]. In this application DLC coatings allow smaller 

clearances of the injector needle sleeve which results in smaller leakages and a 

reduction of the load on the high pressure fuel injection pump.

Most of the automotive applications need coatings which have to resist high 

specific loads and severe wear conditions. Therefore undoped amorphous 

hydrogenated diamond-like carbon (a-C:H) coatings with high wear resistance 

are increasingly used. However, these a-C:H coatings have only a low 

temperature stability if used in oxidizing atmospheres and the increase of friction 

at increasing relative humidity is reported (see chapters 2.3.6 and 2.3.7). In 

order to further reduce the friction losses the application of silicon doped 

amorphous hydrogenated diamond-like carbon (Si-DLC or a-C:H:Si) would offer 

a solution but for these coatings much higher wear rates have been shown (see 

chapter 2.3.8). A solution for this problem could be found in combining properties 

of a-C:H and Si-DLC.

The main aim of the project was therefore the preparation of a-C:H-based 

coatings with low friction properties, high hardness and high wear resistance.

The following objectives for the research have to be considered in order to 

achieve coatings which can be used in industrial applications in the fields which 

are described above:

• Deposition of silicon doped a-C:H coatings (Si-DLC or a-C:H:Si) with high 

temperature stability in air and very low friction coefficients using the PVD 

method for deposition of silicon in order to achieve coatings with low hydrogen 

content.

10



• Development of Si-DLC/a-C:H nanolayer coatings and layer designs with high 

wear resistance, low friction coefficient and high temperature stability up to 

500°C

• The friction coefficient of the a-C:H and the a-C:H/Si-DLC nanolayer coatings 

should not increase significantly with increasing relative humidity (RH) in 

humid air atmosphere in the range of 20 to 80% RH.
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2. Literature survey

2.1 Fundamentals of the sputtering technology

2.1.1 History of sputtering

After the first discharge tube research by Faraday in 1838 the sputtering effect 

was first observed by Grove in 1852 [7] and Faraday in 1854 at studying glow 

discharges under vacuum conditions.

The first coating applications that applied the sputtering effect were reported by 

A. Wright in 1858 in the American Journal of Science and Arts on “mirror 

coatings” and a "Seed coat" on wax phonograph masters by Edison in 1892.

In 1910 the term spluttering was introduced by Thomson [8] which was later 

modified by Langmuir and Kingdon in their publications in the years 1920-1923 

to sputtering.

The first sputtering theory which describes the influence of the ion energy was 

presented by Guentherschulze in 1930 [9].

The combination of a magnetic field with the electrical field at the sputter 

cathode to confine the plasma at the cathode region was first reported by 

Penning in 1936 [10].

In 1954 and 1955 the work of Wehner [11, 12] gave a detailed view to the 

ejection of target material including preferred angles at sputtering of single 

crystal targets and presented a picture on the sputtering yields depending on 

the position of elements in the periodic table. The use of sputtering to clean 

surfaces prior to PVD coating was reported in the early 1950s. In 1964 Mattox

[13] reported about a deposition using accelerated ions. Maissel and Schaible

[14] discussed the first bias sputtering in 1965. Mattox received a patent for ion 

plating in 1967 [15].

Clarke applied for the first magnetron patent in 1968 which was granted in 1971 

[16]. A patent application which included a planar magnetron configuration was 

made by Corbani in 1973 [17]. The first patent for a practically usable planar 

magnetron was filed by Chapin [18] which was granted in 1979. The 

unbalanced magnetron was discussed in 1986 by Windows and Savvides [19, 

20, 21].
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2.1.2 Sputtering of elemental targets

Improved theories for the calculation of sputter yields of elemental targets are 

presented starting with the model of Sigmund in 1969 [22] which is based on 

the Boltzmann transport theory and incorporates the nuclear stopping theory of 

Lindhard and Scharff [23]. In the Sigmund formula for low energies (< 1keV) the 

Born-Mayer potential is more important than the Thomas-Fermi potential. 

Sigmund’s relationship is valid for amorphous and polycrystalline targets at 

normal incidence of ions. The formula of Sigmund (2.1) can be used for a wide 

range of ion energies. Sputter yields for the incidence of ions with low energies 

up to 1 keV can be calculated by a simplified formula of Sigmund (2.2). 

Sigmund’s formula of 1969:

Sputter — 0i042*a(M2/Mi)— *
Yield Us '

E= Energy of bombarding Ion [eV]
Sn(E)= Nuclear stopping cross section [eV*A2/atom] 

details are discussed at equation (2.4)
Us= Surface binding Energy [eV] 

a= Proportion of energy from incident ions back-reflected 
to be available for sputtering (dimensionless factor) 

a= 0.2 at low energy and M2/M-i <1 
a= 0.15 + 0.13*(M2/M1) approx. according to Zalm [24]

Sigmund’s formula simplified for low ion energies <1keV:

Sputter 3*a(M2/M i) * 4*Mj*M2 * E
Yield [ J 4tt2 (IVh+IVy2 Us { ]

E= Energy of bombarding ion [eV]
M-i= Mass of projectile - bombarding ion [a.m.u.]
M2= Mass of target atom [a.m.u.]
Us= Surface binding energy [eV] 

a= Dimensionless factor (explanation in formula (2.1) 
a= 0.2 at low energy and M2/M1 <1 
a= 0.15 + 0.13*(M2/M1) approx. according to Zalm [24]

In 1980 Matsunami [25] published a first improvement of the Sigmund formula 

(2.1). A further improved semi-empirical sputter yield calculation of 1984 from 

Matsunami [26] includes the threshold energy and the inelastic stopping cross 

section from the Yamamura equation published in 1982 [27]. This semi- 

empirical equation of Matsunami is shown as equation (2.3).

13



Matsunami’s semi-empiric formula of 1984:

SpUtter Y fB -  °-42*a(Mg/Mi) *Q*K*sn(e) * 1/2 2.8
Yield Y(E)_ Us [1 +0.35*Us*se(£)] [1 ' (Eth/E) ,] (2'3)

Y(E)= Sputter Yield (sputtered atoms per incident ion)
E= Energy of bombarding Ion [eV]

Mi= Mass of projectile - bombarding ion [a.m.u.]
M2= Mass of target atom [a.m.u.]
Us= Surface binding Energy [eV]
Q= Tabulated parameter 
, x_ Reduced nuclear stopping cross section 

n ^  [eV/(1015 atoms/cm2)]
se(c)= Inelastic reduced stopping cross section 

Eth= Threshold energy [eV]
K= Conversion factor Sn(e) to Sn(E) [eV*cm2/(1015 atoms)]
£= Lindhard-Scharff-Schiott reduced energy 
a= 0.08 + 0.164*(M2/M1)°-4 + O.OUS^Mg/MO129

The widely used further refined semi-empiric formula for sputter yield calculation 

of Yamamura et al. [28] from 1996 is shown as equation (2.4). In this publication 

a collection of tabulated data for monoatomic solids can be found e.g. surface 

binding energies, best fit values of Q(Z2), W(Z2) and s(Z2).

In this chapter sputtering for normal incidence of the projectile atoms on the 

sputter target is discussed but the results can be used for a magnetron cathode 

at low target voltages of several hundred volts, high plasma densities and small 

dark space distances.

The dependency of the sputtering yield on the angle of incidence of the 

bombarding ions to the target is discussed by Yamamura et al. [29], Ono et al. 

[30] and Wei et al. [31].

The Monte Carlo method can be used to calculate the energies transferred from 

the bombarding particles to the target atoms which includes the evaluation of 

the stopping power of the target material for the projectiles. This method allows 

describing of ion bombardment related effects in more detail. Information about 

sputter yield calculation using the Monte Carlo method can be found in the 

publications of Ziegler et al. and Biersack et al. [32, 33, 34].

The elemental sputtering yields for carbon (graphite), silicon, tungsten and 

chromium were calculated using the semi-empiric formula of Yamamura 

(equation 2.4). The calculated yields have been used for first estimations about 

the deposition rates and to estimate sputtering yields of compounds.

14



Yamamura’s semi-empiric formula of 1996:

Sputter 0.042*Q(Z2)*a(M2/M1) Sn(E) 1/9
Yield Y(E)=------------ T T   * 1' T r - k . ^  * t1

Y(E)= Sputter Yield (sputtered atoms/ incident ion)
E= Energy of bombarding Ion [eV]

M-i= Mass of projectile - bombarding ion [a.m.u.]
M2= Mass of target atom [a.m.u.]
Us= Surface binding Energy [eV]

Q(Z2)= Tabulated dimensionless parameter 
Sn(E)= Nuclear stopping cross section [eV*A2/atom]

Eth= Threshold energy [eV]
r=  \n {z 2)

W(Z2)= Tabulated dimensionless parameter
ke= Lindhard electronic stopping coefficient [eV*cm2/atom] 
s= Lindhard-Scharff-Schiott reduced energy 
s= Tabulated dimensionless parameter 
a= 0.249(M2/M1)056 + O.OOSSfMa/M!)15 
a= O.OS/SfMa/M,)'0'15 + 0.165(M2/M i)

with: Eth= 6.7*Us/y
Eth= [1 + 5.7*(M1/M 2)]*Us/ y

for M ^ M 2 
for M-i<M2

for M i >M2 
for M-i<M2

y= 4*Mi*M2/(M i +M2)2 (Energy transfer factor)

Withl CnfD 84.78*Zi *Z2 ,  M-i * TF
bn(E)- (Zi 2/3+Z22/3} i /2 (Mi+Mz) Sn (e)

Z-i= Atomic number of projectile - bombarding ion 
Z2= Atomic number of target atom 

q TFr \= Recjuced nuclear stopping cross section 
n ^  [eV/(1015 atoms/cm2)]

where: TF . ________ 3.441* e1/2* ln(e+2.718)________
n (£) 1+6.355* £1/2 + £*(6.882*e1/2-1 .708)

e= Lindhard-Scharff-Schiott reduced energy [eV]

where:   0.03255________ * M2 ^
£”  Z1*Z2*(Z12/3+Z22/3)1/2 (M,+M2)

with: (Zi)2/3 *(Z2)1/2 „ (Mi +M2)3/2 .
Ke_ (Zi 2/3+Z22/3)3/4 (Mi )3/2 *(M2)1/2 ° - °79

ke= Lindhard electronic stopping coefficient [eV*cm2/atom]
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2.1.3 Sputtering of multi component targets

For sputtering of compounds or mixed targets it has to be considered that at 

steady state conditions the elemental components of the bulk composition in the 

target material have to be removed by sputtering from the surface by creating 

fluxes of sputtered material with elemental compositions equal to the elemental 

concentrations in the bulk. This allows removing the target material in its bulk 

composition.

In case of the target materials SiC and WC the sputtering yields of silicon and 

carbon as well as tungsten and carbon are significantly different. In order to be 

able to achieve material fluxes that are equal to the bulk concentrations the 

surface concentration of carbon which has the lowest sputter yield has to be 

increased until steady state conditions are reached as shown in Figure 2.1 for 

SiC.

Surface concentrations of Si and C atoms

• Equal flux o f carbon 
and silicon atoms at 
deposition from SiC target

• Surface concentration of 
carbon is increased

Volume concentrations of Si and C atoms in SiC 

Carbon atom 

Silicon atom

Figure 2.1 : Schematic view of surface and volume concentrations of carbon 

and silicon atoms at sputtering of SiC
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In 1974 Andersen and Sigmund [35] described the sputtering of compounds by 

a simple linear cascade theory which can be found as equation (2.5).

Sputtering Yield ratio for a compound with two components, according to 

Andersen and Sigmund of 1974:

m = characterizes energy-loss section at low energy
Yc = Partial sputter yield carbon
Ysi = Partial sputter yield silicon
a c = concentration of carbon
a Sj = concentration of silicon
U c = surface binding energy carbon
U Si = surface binding energy silicon
Mc = atomic mass carbon
Msi = atomic mass silicon

A similar yield ratio can be calculated for W and C by exchanging the silicon 

related data for the values for tungsten.

An experimental sputtering yield of 0.5 for SiC at 500 eV Ar+ bombardment was 

reported by Comas and Cooper [36].

For more information about compound sputtering see the following references 

[37, 38, 39].

(2.5)
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2.1.4 Magnetron sputtering

The sputtering technology achieved its industrial breakthrough through the 

introduction of the magnetron cathode which opened the field of high rate 

magnetron sputtering.

Magnetron sputtering uses a combination of electrical and magnetic fields. It 

took a long time to reach cathode hardware arrangements offering useful 

conditions for the practical application in the industry.

The history of the deposition technologies using combinations of electrical and 

magnetic fields starts with Penning [40] who submitted a patent application for a 

cylindrical post magnetron in 1935. The principle of the magnetron was 

discussed by Jepsen [41] in 1961 using crossed electrical and magnetic fields. 

Clarke applied for a patent for an inversed cylindrical magnetron [16] in 1968. A 

cylindrical magnetron was invented by Corbani [17] in 1973 which enabled only 

coating of cylindrical shapes. The final breakthrough for the industrially useable 

magnetron was the invention of the planar magnetron by Chapin [18] in 1974. 

The first paper about the planar magnetron arrangement from Chapin was 

published in 1974 [42]. After the basic developments of Penning the magnetron 

technology needed a time period of -35 years until its industrial application 

started. In this time period numerous improvements regarding the magnetron 

hardware and the magnetic field arrangements have been made.

The elements of sputtering with the planar magnetron cathode are presented in 

Figure 2.2.

For the magnetron cathode the sheath thickness of the darkspace at the target 

can be estimated using the Child-Langmuir equation (2.6). From the Child- 

Langmuir equation the thickness of the dark space was calculated by using 

equation (2.7). For a power density of 10 W/cm2 and a potential difference 

between the plasma and the target of -500 V in an argon discharge a small 

sheath thickness of dSheath = 0.695 mm is achieved. Under these conditions it is 

expected that the sheath geometry follows the contour of the erosion profile. 

This results in a normal impact of the argon ions and does not require 

considering sputter yields under angular conditions for smooth and non­

structured target surface conditions. Therefore sputter yields calculated for 

normal incidence conditions can be used.
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Figure 2.2 : Schematics of planar magnetron sputtering

Child-Langmuir-Equation used to estimate the dark space at the Magnetron 

cathode:

S+ =
4 ef _ /  x 3

/  \ 1/2 (Usheath)

(  )  * — ----------
V M > (d sheath) '

(2.6)

4 e0
3/2

2 e  \ 1/2 *  (Usheath) 11/2

L 9 '  M / s + J

P/A 10 W/cm2 (typical power density)
P/A = 105 W/m2 (typical power density)

Usheath = 500 V (typical cathode voltage)
s+ = 0.02 A/cm2 (current density at cathode)
s+ = 200 A/m2 (current density at cathode)

e0 = 8.854x1 O'12 As N (vacuum permittivity)
e = 1.602x1 O'19 As (elementary charge)
u = 1.661x1 O'27 kg (unified atomic mass unit)

mAr = 39.95 (atomic mass of Argon)
M = u*mAr = 6.634x1 O'26 kg (mass of Argon ion)

dsheath = cathode dark space

dsheath = 6.952x10‘4 m

(2.7)
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Compared to the diode arrangement the magnetron cathode confines the 

electrons and therefore the glow discharge in front of the target. The interaction 

of the electron with a velocity which originates from the influence of the 

electrical field at the cathode and the parallel component of the magnetic field in 

front of the target that creates a Lorentz force on the electrons. The horizontal 

magnetic flux densities (B) in front of the target are in the range of 0.02 -  0.08 T 

which corresponds to 200 to 800 Gauss (often the magnetic field strength (H) is 

used in the publications in this case the range is from 15.9 to 63.7 kA/m which 

corresponds to 200 to 800 Oersteds) in front of the erosion profile at the line of 

maximum erosion. As a consequence the electrons follow the magnetic field 

lines having a gyration movement with a Larmor radius in the mm range and are 

confined in front of the target. The gyration movement of the electrons creates a 

longer travelling distance of the electrons through a unit volume in front of the 

target compared to a straight movement without the application of the magnetic 

field which results in more collisions with argon atoms and a higher charge 

density of the glow discharge plasma. This explains the higher ion current 

densities and deposition rates of more than one magnitude compared to the 

diode and the ability to use the magnetron cathodes at low pressures down to 

the 1CT4 mbar range.

The magnetic field lines and a typical erosion profile in the target of a 

rectangular planar magnetron are shown in Figure 2.3. It is clearly seen that a 

magnetic tunnel is formed in front of the target. The trajectories of the electrons 

are shown at the target very schematically.

For magnetron sputtering typical rates of 1 to 10 nm/s were reported by Braeuer 

et al. [43]. For materials with high sputter yields like copper self-sustained 

sputtering is possible at high power densities of some tens W/cm2. Under these 

conditions no process gas pressure is required for the discharge.

The plasma density and therefore the erosion in front of the target is influenced 

by the non-homogeneous horizontal component of the magnetic field. This 

results in an erosion profile in the target that reduces the target utilization to 20- 

30 %. By the use of special magnetic field and magnetic pole configurations 

such target utilizations can be improved by up to 50% without moving the 

magnetic field [44, 45].
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A further step towards the improvement of the target utilization and the 

reduction of target poisoning at reactive sputtering was the use of a rotating 

cylindrical target in a rotatable magnetron arrangement. The rotating cylindrical 

magnetron, which was patented in 1982 by McKelvey [46], or the C-Mag™ 

magnetron [47] allow target utilizations of up to 90% to be achieved.

Section AB

magnetic 
field fine

target with 
erosion profiles

Figure 2.3 : Magnetic field lines, electron trajectories and a typical erosion 

profile for a rectangular planar magnetron
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2.1.5 Reactive sputtering

The reactive sputtering process is used for the deposition of compound 

materials. Such compounds are achieved by the reaction of target material and 

the reactive gas. Typical reactive gases are e.g. N2) 0 2 or carbon-bearing gases 

like e.g. methane or acetylene. As target materials metals, semiconductor 

materials like silicon or germanium are used in order to produce nitrides, oxides, 

carbonitrides or carbides. The plasma of the glow discharge supports the 

activation of the reactive species and therefore promotes the reactions and the 

formation of compounds. During reactive sputtering the target material also 

reacts with the reactive gas. Reaction products on the target, especially those 

with insufficient electrical conductivity, can cause target poisoning effects and 

hysteresis effects on the partial pressure, the deposition rate and the target 

voltage, depending on the mass flow of reactive gas. Under these conditions 

the reaction products on a poisoned target surface have a smaller sputtering 

yield compared to the “clean” target material which results in significantly 

reduced deposition rates. Measures to prevent target poisoning and to keep the 

deposition rates are important for the practice of reactive sputtering.

The target poisoning problem is more critical during reactive magnetron 

sputtering. Due to the non-uniform erosion of the target at specific locations of 

the sputter groove, like the groove edges, reaction products can be found.

The term reactive sputtering was already introduced by Veszi in 1953 [48].

But the first tools to control reactive sputtering were presented in the middle of 

the 1970s. Again it took a long time until reactive sputtering was used 

industrially which started in the early 1990s.

At the University of Uppsala reactive deposition of ZrN and TiN was 

systematically studied by Blom, Berg and Larson [49]. Berg presented a model 

for reactive sputtering [50, 51] which Larson used for reactive magnetron 

sputtering [52].

In the years 2003 and 2004 Depla et al. discussed the target poisoning during 

reactive magnetron sputtering in detail, by considering the influence of target 

poisoning through ion implantation on reactive sputtering processes [53, 54, 

55]. The poisoning by ion implantation can be used as an extension of the Berg 

model [50].
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A detailed review on modeling reactive sputtering processes was given by Berg 

and Nyberg in 2005 [56]. In this publication the role of the pumping speed in 

order to stabilize the reactive sputter deposition for a defined deposition rate, 

and the influence of the target reaction products to the “secondary” electron 

emission from the target at ion impact are discussed.

A more practice-oriented review on reactive sputtering was given by Musil et al. 

[57]. The dynamic behavior of the reactive sputter process was described by 

Kubart [58].

2.1.6 The unbalanced magnetron

Window and Sawides have studied the influence of the magnetic field on the 

substrate current for a circular planar magnetron [19] in 1986. The publication of 

Window and Sawides describes a dc magnetron with a magnetic field design 

for which the confinement of the electrons at the target region is broken up 

whilst maintaining a high ion flux to the target. For this special magnetron type 

the new name ’’Unbalanced Magnetron” was created by Window and Sawides 

[20]. The application of the unbalanced magnetron to ion assisted deposition 

and to modify the properties of the coatings was reported by Sawides and 

Window [21].

The principle of the planar unbalanced magnetron is shown in Figure 2.4. An 

unbalanced magnetron can be created from a normal magnetron by weakening 

of the magnetic field strength of the outer poles and strengthening the magnetic 

field strength of the inner pole(s) of the magnetic field array which would give a 

very small and focused plasma extension starting from the inner pole(s). The 

better procedure is to weaken the magnetic field of the inner pole(s) and 

strengthen the magnetic field of the outer poles of the magnetic field array 

which results in a wide zone of plasma extension starting from the outer poles 

as shown in Figure 2.4.
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Figure 2.4 : Principle of the planar unbalanced magnetron cathode

Another method to achieve the unbalanced magnetron operation starts from a 

balanced magnetron cathode and is arranged with the use of an 

electromagnetic coil at the magnetron cathode. By operating the 

electromagnetic coil with direct current the magnetic field strengths of the outer 

poles of the magnetic field array are increased by the superposition of the 

magnetic fields of the coil and the magnet array of the magnetron. Under these 

conditions the magnetic field strength around the inner pole of the magnet array 

is weakened. This operation results in a controlled plasma extension as shown 

in Figure 2.4. Without the operation of the electromagnetic coil current, “normal” 

balanced magnetron operation conditions are present without the need of a 

change of hardware.

In the unbalanced operation mode of a magnetron cathode the plasma of the

discharge is moved towards the substrate which offers at biasing of the

substrate favorable conditions for ion plating. For well-designed unbalanced

magnetron cathode arrangements high substrate current densities of some

mA/cm2 can be attained. For coating three-dimensional parts arrangements the

use of a single unbalanced magnetron does not allow achievement of good

tribological layer properties even if the parts are rotated. In order to overcome

this problem unbalanced magnetron cathodes with changing magnetic polarities

of the outer poles of the magnetic field arrays were used to form a magnetic
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confinement for the electrons around region of three-dimensional parts. These 

conditions are present at the “Closed Field Arrangement” of Teer [59, 60, 61] 

which can be operated with two or more cathodes. Sproul [62] discussed multi­

cathode arrangements of unbalanced magnetrons in 1991.

Hofmann et al. presented an unbalanced magnetron with opposing wide 

magnetic field array and anode [63, 64]. The opposing magnetic field array has 

opposite magnetic polarity of the outer poles compared to the outer magnetic 

poles of the magnetron. In this arrangement the effect of the unbalanced 

magnetron can be combined with the possibility of powering the anode in order 

to increase the plasma support. A good overview of the early status of the 

unbalanced magnetron can be found at Muenz [65]. Mapping of the plasma 

parameters of an unbalanced magnetron cathode was arranged by Kvasnica et 

al. [66] using a Langmuir probe technique. Characterization parameters for 

unbalanced magnetrons were presented by Svadkovski et al. [67]. Cathode 

current distributions on a circular unbalanced magnetron cathode target were 

evaluated by Clarke [68]. The plasma characteristic of the unbalanced 

magnetron has been investigated by Solov’ev [69].
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2.1.7 Structure zone models for PVD coatings

The morphology of PVD coatings can be discussed using structure zone 

models which are very helpful in order to decide on necessary changes in 

coating or material strategies.

The first structure zone model was presented by Movchan and Demchishin in 

1969 [70] for evaporated coatings based on studies on thick nickel, titanium, 

tungsten, aluminum oxide and zirconium dioxide films.

zone 1 zone 2 zone3 
metals T /T m  <0.3 0.3 -0.45 >0.45
oxides T /T m  <0.25 0.25-0.45 >0.45

Figure 2.5 : Structure zone model for evaporated coatings, redrawn according 

to B. Movchan and A. Demchishin [70]

The structure zone model (SZM) of Movchan in Figure 2.5 shows the influence 

of the homologous temperature defined as absolute temperature T at deposition 

divided by the melting temperature Tm of the evaporated material on the 

microstructure of evaporated coatings.

In the case of evaporation the energy of the evaporated particles is low and is 

mainly defined by the temperature of the evaporation process. During the 

evaporation process at a temperature of 1500 K the average particle energy is 

0.19 eV.

The SZM of Movchan can be used for all evaporation processes with particle

energies in the range of 0.1 to 0.3 eV. The particles that stick on the surface,
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the adatoms (adsorbed atoms) can be desorbed or reach nucleation after a 

surface diffusion process. At the time of the particle impact to the substrate the 

condensation energy and the kinetic energy are transferred to the substrate.

The structure zone 1 is present at low homologous temperatures of < 0.3 and is 

characterized by low adatom mobility conditions and self-shadowing effects. 

The surface mobility is not high enough to arrange compensation between 

different nucleation sites which results in tapered columns and open grain 

boundaries causing a porous microstructure.

In the range of homologous temperatures of 0.3 to 0.45 structure zone 2 is 

located which is characterized by increased adatom mobility, columnar grain 

structures and a dense grain boundary microstructure. This allows achieving 

dense coatings of high mass densities and low surface roughness. In structure 

zone 2 the grain size increases with increasing homologous temperature.

Zone 3 structure which is located at homologous temperatures above 0.45 is 

characterized by the effects of bulk diffusion and recrystallization with grain 

coarsening at increasing temperature. The result is a polycrystalline 

microstructure of high mass density. The temperature range of structure zone 3 

can be used for epitaxial growth.

zone 2

4 ^  0.9
^  0.8 

0.7

zone 1
1.0zone T

0.6
20 0.5

0.4
10 0.3

0.2 TmPAr/  10 '3 mbar 0.1

Figure 2.6: Structure zone model for sputtered coatings, redrawn according to 

J. Thornton [71]

The structure zone model of Thornton [71] which was published in 1974 can be

used for coatings deposited by the sputtering processes. The sputtering

conditions are characterized by high particle energies of 4 to 40 eV compared to
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the low energies at evaporation. The SZM of Thornton presented in Figure 2.6 

shows the influence of the homologous temperature and the inert gas pressure 

(mainly argon is used) on the microstructure of sputtered coatings.

The higher energy of the sputtered particles results in a higher surface mobility 

which reduces the effect of self-shadowing in structure zone 1 at low pressure. 

With an increase in pressure the sputtered particles lose energy through 

collisions with the gas atoms of the process atmosphere in the vacuum 

chamber. This reduces the surface diffusion and increases porosity of the 

microstructure which results in tapered columns and voids similar to the zone 1 

of Movchan’s SZM.

At sputtering a transition zone T is observed which is characterized by a dense 

microstructure with fibrous grains, less voids and increased mass density 

compared to zone 1, due to increasing surface diffusion and nucleation during 

growth. Zone T moves to higher temperatures at increasing pressures.

In the Thornton SZM zone 2 and zone 3 can be explained in the same way as 

was discussed for the Movchan SZM.

zone 3
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zone T
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0.2

Ion energy /  eV 0.1

Figure 2.7 : Structure zone model for sputtered coatings, redrawn according to 

R. Messier [72]

The SZM of Messier and Giri [72] of 1984 can be used for ion plating conditions 

and shows the structure zones depending on homologous temperature and ion 

energy.
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From Messier’s SZM which is shown in Figure 2.7 it can be found that with 

increasing ion energy the transition from zone 1 to zone T is shifted to lower 

temperatures.

Messier’s SZM does not include the effect of the ion current density which has a 

significant influence. Therefore Anders [73] presented in 2010 a structure zone 

model for plasma-based deposition and ion etching. In the SZM of Anders [73] a 

generalized temperature, a normalized energy flux and a thickness dependence 

of the structure are taken into account.
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2.2 Chemical vapor deposition

2.2.1 History of chemical vapor deposition

Chemical vapor deposition (CVD) is a method that is used for the deposition of 

coatings on heated substrate surfaces. The coating procedure employs 

dissociation and/or chemical reactions. The temperatures for coating typically 

range from 200 to 1600 °C. Coatings with high density and high purity can be 

produced with controlled microstructure.

The CVD deposition is arranged starting from a gas or gas mixture which 

surrounds the substrates and is therefore capable to allow coating of complex 

substrate arrangements at non line of sight.

In one of the first CVD processes nickelcarbonyl {Ni(CO)4} was synthesized by 

Mond [74] in 1890 using the reaction of nickel with carbon monoxide. This was 

a pioneer step for the synthesis of carbonyl compounds of vanadium, 

chromium, manganese, iron and cobalt. By the end of the 19th century the 

carbonyl process of Mond was applied for the refining of nickel as one of the 

first industrial CVD processes [75]. For coating of carbon lamp filaments with 

tungsten the patented CVD process of De Lodyguine in 1893 [76] which based 

on the reduction of WCI6 by H2 was used. The production of other pure metals 

like Ti, Zr, and Ta followed using the Mond process, the van Arkel process and 

other methods.

In the early 1970s the use of the CVD process on semiconductors started 

successfully. The results from this field pushed the application of CVD in other 

industrial fields.

Plasma enhanced chemical vapor deposition (PECVD) has its roots in the 

works of Atl and Ing [77, 78, 79] published during the time 1963 to 1965. In the 

PECVD process the dissociation and chemical reactions are forced by the 

assistance of the plasma of a glow discharge where excitation and dissociation 

can be easily arranged at low temperatures by collisions with energetic 

electrons of the discharge. PECVD processes using radio frequency (13.56 

MHz) with direct capacitively coupled or indirectly coupled plasma are widely 

used but also ECR, microwave (MW) and special direct current (DC) methods 

are used to supply the plasma with energy.
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2.2.2 Deposition of carbon-based coatings

Deposition of diamond particles by a CVD process from CO, C02 and from 

hydrocarbon gases including CH4 using seed crystals was filed by Eversole in 

1958 [80]. Only very low growth rates for the diamond material were achieved 

having a simultaneous deposition of graphitic material.

Angus et al. [81] deposited in 1968 diamond at a temperature of 1050°C at 0.4 

mbar pressure using methane gas. Improved diamond growth rates were 

achieved by Derjaguin et al. [82] with mixtures of hydrocarbon gases and 

hydrogen at high hydrogen contents.

During diamond deposition the addition of hydrogen offers the capability of 

etching off graphitic impurities.

Industrial deposition conditions were reached by a Japanese research group 

using the hot filament method (see Matsumoto et al. [83]) in 1982 and using a 

microwave plasma (see Kamo et al. [84]) in 1983.

For applications that required optimized diamond properties and a fine grained 

nanocrystalline microstructure with a smoother surface of the coating, the 

conventional diamond deposition process using 1% CH4 + 99% H2 according to 

Celii and Butler [85] was not sufficient. In order to achieve nanocrystalline 

diamond (NCD) Angus and Hayman [86] and other researchers used mixtures 

of methane and argon but only small quantities of diamond were received in the 

films.

A special solution was found in MW discharges at about 750°C with fullerene 

C6o as precursor in C6o /Ar mixtures making use of the fragmentation process of 

C6o which was discovered by Gruen [87]. NCD coatings with <100 nm crystallite 

size are achieved compared to pm grain sizes of conventional diamond 

coatings. NCD coatings have electrical conductivity due to the existence of tt- 

bonds at the grain boundaries which quantitatively increase at decreasing grain 

size.

With the hot filament method Haubner et al. [88] produced NCD in 1993.

A better understanding of the mechanisms for diamond deposition was 

achieved by using the results obtained from the fullerene-based technology.
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This enabled, after further research, the deposition of NCD using 1% CH4 + 

99% Ar as reported by Zhou et al. [89] in 1998. In this publication the transition 

from pc-diamond to NCD is discussed. Ultrananocrystalline diamond films 

(UNCD) with crystallite sizes < 10 nm were prepared at temperatures down to 

500 °C by McCauley et al. [90] and at 400 °C by Sumant et al. [91].

In the last decade intensive research work has been carried out on carbon 

nanotubes (CNTs) which are grown by the PECVD method by Meyyappan [92, 

93].

The deposition of DLC coatings by the PECVD process using different CxHy 

precursors was studied in a joint research program of Fraunhofer 1ST and the 

University of Chemnitz (both located in Germany) between 2007 and 2009. The 

final report of the AIF research project IGF 15221 BG can be downloaded over 

the web [94]. The data and references [95, 96, 97, 98, 99, 100, 101, 102, 103, 

104, 105, 106, 107] for Table 2.1 have been taken from this report.
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Ref. Method
Energy for the 

plasma 
discharge

Type of 
substrate bias Gases Rate

[pm/h]
Hardness

[GPa]

[95]
ECWR

ion
source

ICP 27 MHz 
+magn. field DC CH4 + Ar 1.3 24

[96] ECR ECR
microwave

MF, 
asymmetric 

bipolar pulsed
Cy-fe+Ar 3.2 31

[97] ECR ECR
microwave DC CH4 + Ar 0,6 18

[98] RF HCD- 
RF

Planar 13.56 
MHz hollow 

cathode 
discharge

RF self-bias Ar+ He + 
C2H2 6.6 17.5

[99]
Dual

DC/RF 13.56 MHz RF DC h2+ c h 4 0.2 14

[100] ECR ECR
microwave RF self-bias CH4 + Ar 1.6

[101] bipolar DC 
PACVD -

20 kHz bipolar 
pulsed

CH4 + Ar +
h2 2.5 20

[102]
Plasma 

based Ion 
implantation

-
Bipolar HV 

pulses C2H2 0.4 18

[103] MEPCVD
CC RF + 
magnetic 

field
RF self-bias c h 4 0.8 19

[104]
Plasma 

based Ion 
Implantation

Microwave
- 2kV pulses 
(1 %dutyc.)+ 

-200V DC
c h 4 1.1 12

[105]
ECWR
(COPRA)

ion source

ICP 13.56 
MHz + 

magnetic 
field

RF powered 
extraction 
electrode

Q>H2 5.8 about
60

[106] ECR ECR
microwave DC h2+ c h 4 0.2 16

[107]
expanding
thermal
plasma

DC 
plasma arc Ar + Q?H2 252 13

Table 2.1 : Published DLC coating combinations of plasma, substrate bias and 

used gas species on the deposition rate and the microhardness DLC coatings 

using data and references of the joint research program of the Fraunhofer 1ST 

Institute and the University of Chemnitz [94]

33



2.2.3 Deposition of silicon based coatings

A typical application of PECVD is the deposition of hydrogenated silicon nitride 

layers as antireflective and passivation layer on crystalline silicon solar cells 

[108, 109]. For the Si3N4 deposition silane or mixtures of silane and ammonia 

are used at substrate temperatures of 50 to 450°C. Another example for the 

solar cell application is the coating with silicon dioxide using nitrogen, silane and 

nitrous oxide (N20) mixtures [110]. S i02 or silicon-oxide based wear protective 

films were deposited on polycarbonate by a special arc plasma torch starting 

from oxygen and organosiloxane [111] precursors. These S i02 coatings contain 

a small content of hydrogen. Fahland of Fraunhofer FEP [112] reported on the 

application of microwave and high-frequency PECVD for the deposition of 

silicon-based polymer coatings. Such polymers show higher density, hardness 

and better barrier properties compared to chemically cross-linked polymers.

For electronic and microelectronic applications thermal CVD processes are 

used to deposit poly-silicon, silicon dioxide and silicon nitride. The types of 

precursors and temperatures for the following examples of thermal CVD 

deposition were taken from Ohring [113]. Si is deposited from SiCI2, SiCI3 

(1050-1200 °C) or SiCI4/H2 (600-700 °C). For SiC coating at 1100°C a mixture 

of SiCI4, toluene and H2 can be used. S i02 can be deposited at 450 °C starting 

from SiH4 and 0 2 as precursors. For Si3N4 deposition at 750 °C SiCI2H2 and 

N20  are reported. Using the PEVCD process and a mixture of SiH4 and H2 

amorphous silicon can be deposited at 300 °C and polycrystalline silicon at 

400°C. Fraunhofer 1ST reported on a special thermal hot wire activated CVD 

process developed for the deposition of a-Si:H/pc-Si:FI coatings on a large 

substrate area of 500 mm x 600 mm using an inline coating system with silane 

and hydrogen as precursors [114]. The SiC deposition was arranged by CVD at 

1500 to 1700 °C using SiH4 and C3hl8 or monomethylsilane (SiH3CH3) at < 850 

°C. If the PECVD process is used for SiC coating from a mixture of silane and 

methane the substrate temperature is reduced to a range of 250 to 800 °C. 

Details on the SiC deposition process with monomethylsilane precursor are 

discussed by Habuka [115].

The PECVD deposition and the properties of silicon doped DLC (Si-DLC) 

coatings will be discussed in the following chapters.
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2.3 Overview on carbon based materials

2.3.1 History of DLC coating

During carburizing experiments in a DC glow discharge Schmellenmeier [116] 

achieved under the condition of a low discharge current, using a mixture of 

argon and acetylene (C2H2), shiny black amorphous deposits of high hardness. 

These coatings, which were discussed in 1953, are expected to be the first DLC 

coatings. In 1956 the morphology of the deposited carbon-based coatings were 

more carefully analyzed by Schmellenmeier [117] using X-ray diffraction. Two 

strong diamond lines were found in the Debye-Scherrer-diagram. In the 

absence of strong graphite lines amorphous and crystalline regions were found 

showing a diamond-like structure.

Aisenberg and Chabot [118] used an ion beam deposition method to deposit 

diamond-like carbon. A low-pressure deposition chamber which contains a 

biased substrate in combination with a source chamber with a high-pressure arc 

is used. The carbon ions from the source chamber are used for DLC deposition 

and the discharge in the deposition chamber can act as a source of carbon 

ions. Using magnetic field assistance for the discharge, low-pressure operation 

and more ionization are achieved in the deposition chamber. The carbon ions 

are accelerated to a negatively biased substrate which can be powered by AC 

or RF at the deposition of insulating films. Amorphous and crystalline diamond­

like carbon coatings were deposited. Insulating DLC films with resistivities of up 

to 1011 Ocm or more were achieved.

Whitmell and Williamson [119] used a DC glow discharge in a 1/4 inch diameter 

pipe using ethylene as hydrocarbon gas. In front of the substrate, which was 

positioned on the cathode, a domed aperture was used to arrange a charge 

compensation at DLC coated substrates by electrons emitted from the dome 

edges. Hard, black-colored diamond-like carbon coatings were achieved on 

titanium alloy substrates.

Holland and Ojha [120] circumvented the discharge problems with insulating 

substrates by using RF plasma with a TT-matching network having the 

substrates positioned on the RF powered cathode. DLC was deposited using 

butane (C4Hi 0) as hydrocarbon gas in the RF diode glow discharge. At target
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bias voltages of -430 to -750 V resistivities of 5 x 109 to 3.6 x 1011 O/n were 

achieved.

Weissmantel et al. [121] deposited DLC using a dual ion beam configuration. 

Carbon was sputter deposited from a graphite target and the ion bombardment 

of the growing film was arranged from the second ion source using argon and 

methane ions.

Enke et al. [122] used an RF diode arrangement to deposit tribological hard 

DLC coatings in an argon acetylene mixture. The DLC coatings which were 

tested in nitrogen atmospheres at different relative humidities (RH) showed 

extremely low friction coefficients of 0.01 to 0.02 up to RH < 1 %.

In 1981 Andersson [123] reviewed the existing DLC deposition techniques and 

discussed DLC-like coatings from hydrocarbon gases in his publication from 

1979 [124]. McKenzie et al. [125] used reactive post cathode magnetron 

sputtering with acetylene as a hydrocarbon gas in order to achieve amorphous 

carbon films for solar absorbers.

DC sputtering from cylindrical and planar magnetrons in argon and acetylene 

was used by Craig and Harding [126] in order to deposit a-C:H coatings from a 

metal cathode that was overcoated with carbon. The DLC layers were used as 

antireflective coatings on selective solar absorber cermet coatings.

Hofmann [127] filed a patent in 1984 for a combination of a planar magnetron 

with an opposing RF biased substrate to deposit DLC starting from metal 

targets using hydrocarbon gas. The patent that was granted in 1992 describes 

coating of molded parts using opposing magnetron cathodes. Using this method 

the deposition of DLC starting from a titanium target in an argon acetylene 

mixture was discussed at the IPAT conference 1985 [128]. Metal-free DLC 

coatings of high hardness were achieved at high acetylene mass flows having 

the active target surface completely covered with carbon from the discharge.

Various Me-DLC (a-C:H:Me) coatings including W-DLC were presented by 

Dimigen [129] in which the wear rates, the friction coefficients and electrical 

conductivity were discussed.
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W-DLC layers were deposited on molded parts [130] using a planetary 

substrate arrangement and unbalanced magnetron cathodes with opposing 

magnetic field array in 1991. This plasma booster arrangement allows coating 

of large volumes [131]. Details on the plasma booster technology will be 

discussed in chapter 4. More information about the history of DLC coating are 

found in the publications of Hofmann et al. [132] and Bewilogua and Hofmann 

[133],

37



2.3.2 Comparison of properties for carbon-based materials

The properties of different crystalline and amorphous carbon-based materials 

are compared in Table 2.2. In order to classify the tetrahedral carbon (ta-C) and 

the hydrogenated diamond-like carbon-based coatings (a-C:H-based) the 

properties of crystalline graphite and crystalline diamond are provided. 

Depending on the manufacturing conditions ta-C and the a-C:H based coatings 

show significant differences in the diamond-like character which is mainly 

characterized by the number density of sp3 - diamond bonds. In pure diamond, 

which is shown in Figure 2.8 according to Pierson [134], we see as gray shaded 

areas the three dimensional sp3 covalent bonds located in the diamond 

structure. These sp3 bonds are characterized by 4-fold coordination of carbon 

atoms and a characteristic angle of 109.5° between the orbitals.

Figure 2.8 : Three dimensional sp3 covalent bonds in a diamond structure as 

gray shaded areas (regions of high electron density), redrawn according to 

Pierson [134]

C arb o n

a to m

0.357nm

38



At the deposition of a-C:H hydrocarbon gases are commonly used which results 

in the incorporation of hydrogen into the a-C:H. If high quantities of hydrogen 

are present in the a-C:H polymeric hydrocarbon can be found in the coating. For 

these polymeric deposits sp3 hybridization can be observed at C-H bonds e.g. in 

the methane molecule (C-H hybrid bond length 0.109 nm). Therefore these sp3 

bonds do not increase the diamond character of the a-C:H but promote the 

reduction of the hardness and the wear resistance.

The a-C:H also contains graphitic sp2 bonded carbon. In the graphite lattice of 

the ABAB..-type which is shown in Figure 2.9 we see polyhedrons of 6 carbon 

atoms which are combined in planes with a distance of 0.335 nm between the 

planes. The carbon atoms in the polyhedrons create a stable network of 3-fold 

coordinated sp2 bonded carbon (sigma bonds at a binding length of 0.142 nm). 

Between the planes weak u-bonds of carbon (van der Waals forces) are 

located.

Carbon atom

covalent bonds 
in planes (sp2}

van der Waals 
bonds between 
planes (rc-bonds)

0.142 nm

Figure 2.9 : Crystal structure of graphite
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The bond strength of the sp3 bond in diamond is very high with about 7.02 eV 

but the bond strength of the sp2 bond in graphite is slightly higher with about

7.03 eV as discussed by Neuville [135].

Diamond
crystalline

ta-C
tetrahedral carbon

a-C:H-based Graphite
crystalline

Mass density [g/cm3] 3.515 1.9 -3 .1 0 .9 -2 .4 2.267

sp3 content 100% 40 -  90% 10 -  70% 0

Hydrogen content 0 < 1 at.% 7 -6 5  at.% 0

Compressive stress 
[GPa]

2 - 6 0 .1 -2 .5

Hardness HUPL [GPa] 100 5 0 -8 0 1 0 -4 5 <5

Young's Modulus [GPa] 910-1150 200-600 100-250 9 -1 5

Friction Coefficient 
(dry in air)

<0.2 0.15-0.2 0 .05-0.2 0.2 -  0.1

Band Gap [eV] 5.45 1.0-2 .5 0 1 Cj -0.04

Max. operating 
temperature [°C]

600-1200 450-600 350-500 400 - 600

Table 2.2 : The properties of technically-used carbon-based material compared 

to hydrogenated diamond-like carbon-based coatings (extremely high and low 

values are not included in this table)

The data in Table 2.2 is taken from the references [136, 137, 138, 139, 140, 

141, 142 , 143, 144, 145, 146, 147, 148, 149, 150, 151, 152, 153, 154, 155, 156, 

157, 158], own research results and data from the Fraunhofer 1ST research 

institute. The DLC based coatings include “pure” a-C:H, Si-DLC (a-C:H:Si) and 

industrially used Me-DLCs (a-C:H:Me) like W-DLC (a-C:H:W) and Ti-DLC (a- 

C:H:Ti)

Review papers which contain data regarding the properties of carbon-based 

materials as shown in Table 2.2 are found in references [159, 160, 161, 162, 

163, 164].
40



2.3.3 Classification, structure models and the subplantation model for DLC

The first ternary diagrams for DLC coatings were presented from the group 

Moeller [165, 166] but in these diagrams the zones for the different types of 

DLC are not presented. In the first diagram of Robertson [167] ta-C:H, a-C:H, a- 

C and ta-C are indicated. A ternary diagram that shows the different DLC types 

in marked zones was presented by Ferrari and Robertson in 1994 [168]. In this 

diagram only a small region of sputtered a-C can be found which is marked as 

sputtered coating. The widely used diagram that was presented by Robertson in 

2002 [161], shown in Figure 2.10, was extended by a new wide region of 

sputtered a-C(:H) which includes a-C and a-C:H with hydrogen contents of up to 

30%. This region is overlapping with a-C:H produced by other methods of which 

PECVD is most commonly used. The overlapping of the regions indicates a 

combination of sputtered a-C:H and PECVD deposited a-C:H which has been 

used in the experiments described in chapter 4.

diamond-like
sp3

ta-C

a-C:H

HC polymers

sputtered a-C(:H)
no film s

evaporated C 
graphitic C

sp2 H
Hydrogen

Figure 2.10 : Ternary phase diagram of diamond-like carbon types, redrawn 

according to Robertson [161]

Diamond (crystalline carbon) and amorphous diamond-like carbons are 

classified in order to assist the industrial application of such coatings by the
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German VDI 2840 standard [169] of 2012 which divides the amorphous 

diamond-like carbons into hydrogen-free and hydrogenated films.

Phillips presented first structural models for amorphous materials in 1979 [170] 

and 1981 [171]. In these models a constraint counting method for random 

covalent networks was used. Mechanical constraint is achieved for 3 degrees of 

freedom therefore a ta-C coating with 80% sp3 hybridized 4-fold coordinated 

carbon bonds is highly overconstrained which is combined with a high stress 

level of the coating. Whereas an a-C:H coating with a high atomic concentration 

of hydrogen with non-rigid networks tends to be underconstrained.

*  Carbon # Hydrogen 
atom atom

Figure 2.11 : 2-D structure model of a-C:FI (1981), redrawn according to 

McKenzie and Briggs [125]

Figure 2.11 shows one of the first two-dimensional network models for a-C:H 

which was presented by McKenzie and Briggs [125] in 1981. Thorpe [172], 

classified in his theory for random networks of 1983, the covalent networks into 

polymeric glasses and amorphous solids with rigid networks. Using electron 

diffraction Bewilogua et al. [173] showed that for amorphous carbon 

preferentially five and six-fold carbon rings appeared. In 1984 the random 

network model was specifically discussed by Beeman [174]. Robertson [175] 

presented in 1987 sp2 sites organized in compact clusters of fused six-fold 

rings. In a random covalent network model Angus and Jansen [176] showed 

that a fully constrained carbon network is achieved for hydrogen concentrations 

in the range of 16.7 to 61.5 at.%. The “Defected Graphite Model” of Tamor [32] 

of 1990 predicted a stable range at 20 to 60 at.% hydrogen for a-C:H with 

graphitic six-fold carbon rings as matrix. In 1991 Angus and Wang [177]
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discussed 2-D network models for a-C:H which include sp3 and sp2 hybridization 

of carbon and the saturation of dangling bonds with hydrogen atoms which is 

shown in Figure 2.12.

Frauenheim et al. [178] used in 1995 density-functional-based (DF) molecular 

dynamic (MD) modeling to present the electronic and three dimensional 

structural properties of a-C:FI and ta-C.

® Carbon ® Carbon °  Hydrogen 
atom sp2 atom sp3 atom

Figure 2.12 : 2-D structure model of a-C:H (1991), redrawn according to Angus 

and Wang [  177]

The subplantation model which was first presented by Lifshitz et al. [179] in 

1989 is used to describe the formation of sp3 hybridized C-C bonds during the 

growth of DLC films under the presence of ion bombardment. During carbon ion 

bombardment the penetration of C atoms into the subsurface zone can be 

expected to cause increasing stress and density for the coatings. In the 

subplantation model the impact of “hyperthermal” incident ions which can be 

described as “thermal spike” is followed by a relaxation process. At too high ion 

energies graphitization is observed.

In 1993 Robertson [180] discussed the subplantation for ta-C coatings and 

showed that the increase of density correlates with the change of sp2 into sp3 

hybridized carbon. Schwan et al. [181] showed in 1996 direct subplantation with 

carbon ions and indirect subplantation arranged by knock-on penetration with 

argon ions for magnetron sputtering. By Hofsaess et al. [182] the subplantation 

models which were present until 1998 were critically discussed.
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The subplantation model of Miyagawa et al. [183] describes subplantation 

during the deposition of a-C:H using a methane-based plasma. At the 

hydrogenated surface region hydrogen and carbon are released by sputtering 

effects. From the subsurface region atomic hydrogen is released by collision 

cascades, knock-on hydrogen atoms are released by forming H2-molecules and 

subplanted carbon atoms arrange the formation of sp3 hybridized C-C bonds. 

Both the subplantation and the release of hydrogen, which are a consequence 

of the ion bombardment, increase the mass density of the deposited a-C:H as 

well as the sp3 content.

2.3.4 Basic friction mechanisms for carbon-based coatings

Table 2.3 shows the friction mechanisms under dry (non-lubricated) conditions 

for various types of carbon-based coatings according to Erdemir and Donnet 

[184]. It is visible that the environment for interaction combined with the coating 

composition influences the coefficient of friction significantly. It can also be 

found that the friction coefficient increases with higher bond energies at the 

sliding contact where hydrogen from the coating passivates the dangling bonds 

at the surface and the humidity of the atmosphere plays an important role.

Type o f DLC a-C:H a-C:H or a-C ta-C and a-C

Friction coefficient <0.02 1 0 .1 - 0 .2 ......
Nature of interaction Van der Waais Hydrogen o - or ir-bond

Energy (eV/bond)
...........................................

0 .08 0.2 0 . 4 - 0 . 8

Type of interaction
\

C

H H
i i 

1 I
H H
\  Z  

C
.............z .. \ ........................

'  C

HO OH 
;----------------- p * .

o  o
nc c c

: /  \  /  \  /  \

I I/ f \
m  1

.............................................
Environment for interaction fnert gas or UHV Hum id atmosphere

. . ..........................................
UHV

Table 2.3 : Friction of carbon-based coatings in various atmospheres, redrawn 

according to Erdemir and Donnet [184]
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For the Si-DLC (a-C:H:Si) Oguri and Arai [185, 186] reported that hydrated 

silica created by wear can act as a lubricant under humid conditions and Hioki 

[187] showed that the SiO bonds play an important role in friction reduction at 

high humidity.

Today friction can be simulated on an atomic or molecular scale, more 

information can be found in the review and guide of Dong et al. [188] from 2013. 

Another current field of application is the use of the DLC coatings under 

lubricated conditions.

In such applications the combination of coatings and lubricants and the use of 

additives have to be carefully evaluated for the present range of operational 

conditions. For these applications the surface free energy of the coating 

material has a significant influence on the frictional behavior [189, 190, 191]. In 

publications [192, 193, 194, 195, 196, 197, 198, 199, 200, 201, 202] the effect 

of the type of lubricant on the friction for DLC coated parts with or without the 

use of additives is discussed. Dry to lubricated conditions are compared for the 

DLC application on valvetrain components by Gangopadhyay et al. [203] in 

2011.
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2.3.5 Properties of hard and soft amorphous hydrogenated carbon (a-C:H) 

coatings

The basic layer properties of a-C:H-based coatings have already been 

discussed in chapter 2.3.2. The a-C:H coatings can be divided into hard and 

soft coatings depending on the hydrogen content in the films. Coatings with less 

than 40 at.% hydrogen show increasing hardness with decreasing hydrogen 

content caused by an increasing fraction of sp3 type C-C bonds. For hydrogen 

contents above 40 at.% the polymeric character of the coatings increases with 

increasing hydrogen concentration and the sp3 content of the coatings 

increases as well. In this region the sp3 bonds also originate from C-H bonds in 

the hydrocarbons which cause softening of the coatings.

A more detailed view to a-C:H properties divided into soft a-C:H and hard a-C:H 

is given Table 2.4. The data is taken from the references [159, 160, 161, 162, 

163, 164, 184, 204, 205, 206, 207, 208, 209, 210], own research results and 

data of the Fraunhofer 1ST research institute.

a-C:H soft a-C:H hard

Mass density [g/cm3] 0 .9 -1 .6 1 .6 -2 .4

Crystal structure amorphous sp1, sp2 ,sp3 amorphous sp2, sp3

sp3 content 10 -  70% 30 -  60%

Hydrogen content 4 0 -6 5  at.% 1 0 -4 0  at.%

Compressive stress [GPa] 0 .5 -1 1 -2 .5

Hardness HUPL [GPa] 1 0 -1 5 1 5 -4 5

Young's modulus [GPa] 100-150 150-300

Friction coefficient 
p in vacuum 
p in dry N2 

p in air ~50% humidity

<0.01-0.02 
0.01-0.03 

0.1-0.5

0.02 -0.08 
0.03 - 0.06 

0.1-0.2

Band gap [eV] 1 .7 -4 1 .1 -1 .7

Refractive index 
(A: 400-500 nm)

1.2-1.8 1.8-2.6

Max. operating 
Temperature [°C]

200-350 350

Table 2.4 : Properties of hard and soft a-C:H coatings 

(Extremely high and low values are not included in this table)
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2.3.6 Friction of amorphous hydrogenated carbon (a-C:H) coatings

The friction and wear properties of a-C:H and a-C:H:Si coatings are most 

important in order to describe the tribological behavior of these coatings. These 

properties and the related explanations and hypotheses have been studied 

intensively and the results are shown in this section of the literature review. 

Other properties which influence friction and wear behavior such as hardness, 

elastic modulus and residual stress have been basically discussed in the 

previous chapters. Some further details are presented in the following chapter 

’’results and discussion”.

Hydrogenated amorphous diamond-like carbon is a mixture of amorphous 

diamond, graphite and, in some cases, polymeric carbon which typically 

contains 20 to 40 at.% of hydrogen. From the material itself the wear behavior 

of a-C:H is significantly influenced by the presence of graphite with sp2 bonds, 

sp3 C-C diamond bonds and sp3 or sp1 C-H polymer related bonds which define 

mechanical properties like hardness, elastic modulus etc.. Typically the friction 

coefficients and the wear rates are derived from sliding wear conditions using 

the “ball-on-disk” test or a “linear oscillation movement” relative to a mating ball 

in a defined atmosphere or under vacuum conditions. The friction and wear test 

results are influenced by the following conditions:

• Material properties and production conditions of the tested a-C:H coating

• Material of the wear counterpart (often used are steels, Si3N4, WC, SiC, 

Al20 3, Zr02, sapphire, TiAI6V4). Sometimes the wear counterpart is also 

coated with a-C:H

• Ball diameter or tip radius of the wear counterpart (diameter range 3 to 8 

mm)

• Normal force, load (range 0.5 to 40 N)

• Pressure at Hertzian contact (0.5 to 3 GPa)

• Temperature at testing or annealing temperature prior to testing

• Sliding speed (range 0.2 to 600 cm/s)

• Surface conditions like surface roughness (typically polished parts are 

used)
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• Type of gas atmosphere (most used are air and nitrogen at various

relative humidity) or alternatively vacuum conditions (sometimes with

defined partial pressures of water vapor or oxygen etc.)

• Lubricants and lubricant additives are not discussed in the literature

survey because our coatings were tested only under “dry” conditions

without the use of lubricants. Basic information about lubricants and 

related additives can be found in the books of Ludema and Rudnick with 

information for lubricants, oil formulations, fuels, water, alcohols etc. 

[211,212] and lubricant additives [213].

The basic friction mechanisms for a-C:H and a-C:H:Si coatings were described 

in chapter 2.3.3. The conditions and effects used to explain the different 

frictional behavior of a-C:H coatings are presented in more detail at the end of 

this chapter where the origin of the wear behaviors which also includes frictional 

effects are discussed.

For a-C:H the friction and wear properties are expected to change with the 

formation of a carbon-rich transfer layer from the a-C:H coating at the 

counterpart of a wear contact. Such carbon-rich transfer layers were observed 

on the wear counterpart for a-C:H at sliding in UHV by Memming et al. [214] 

and under dry conditions (no use of lubricants) by Hirvonen et al. [215]. For 

a-C:H a detailed characterization of carbon rich transfer layers formed by sliding 

in dry nitrogen was presented by Erdemir et al. [216].The formation of the 

carbon-rich transfer layers originating from a-C:H coatings are expected to 

substantially change the friction and wear behavior in sliding wear processes.

Enke and Dimigen [122] have shown in 1980 that the friction of a-C:H is 

strongly influenced by the presence of water vapor pressure using a nitrogen 

atmosphere. The coatings showed in the ball-on-disk test very low friction 

coefficients of 0.01 - 0.02 at low water vapor pressures in the range of 10'8 to 

10"1 mbar. Starting at a water vapor pressure of about 1 mbar (-8% relative 

humidity) the friction coefficient strongly increased up to a final value of 0.19 at 

100% relative humidity (RH).

48



The dependency of the friction coefficient on the relative humidity in a nitrogen 

atmosphere is shown in Figure 2.13 using the data from Enke et al. [122], as a 

smoothed curve.
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Figure 2.13 : Friction coefficient of a-C:FI coatings in nitrogen depending on the 

relative humidity, redrawn according to Enke et al., [122] as a smoothed curve

The results of a literature survey on the friction of a-C:H depending on RH 

together with the related literature references are shown in Table 2.5 and Figure 

2.14.

In order to allow a graphical presentation of the friction results as well as the 

wear results that were taken from the literature a classification of the results in 

classes of relative humidity was arranged.

The friction coefficients and the wear coefficients were taken over as numerical 

values, if available, or from diagrams which contain a certain degree of 

inaccuracy.
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These friction coefficients were classified in RH classes in the following way:

Class RH value range Class RH value range

0%RH >0 to <5% RH 60% RH >55% to <65% RH

10% RH >5% to <15% RH 70% RH >65% to <75% RH

20% RH >15% to <25% RH 80% RH >75% to <85% RH

30% RH >25% to <35% RH 90% RH >85% to <95% RH

40% RH >35% to <45% RH 100%RH >95% to <100% RH

50% RH >45% to <55% RH

In most of the literature references a strong increase of the friction coefficient 

depending on increasing humidity can be observed.

Increasing friction coefficients from a range of 0.02 to 0.04 at low humidity to a 

range of 0.07 to 0.15 at high humidity were reported by Liu et al. against Z r02 

[217], Tillmann et al. against WC [218]. Park et al. against steel [219, 220] and 

Li et al. against Si3N4 [221]. Compared to the coatings with ceramics as mating 

parts the highest friction coefficient of 0.2 is observed for the steel counterpart 

at high humidity. The a-C:H coatings which show this behavior are typically 

highly hydrogenated with hydrogen contents of 20 to 30%. This allows to 

achieve low friction conditions by high saturation of the dangling bonds with 

hydrogen at low humidity by the low-energy conditions of the H-H contact under 

the presence of a carbon-rich transfer layer. At higher humidities the contact 

conditions change with the existence of higher contact energy under the 

presence of water vapor which reduces the formation of a transfer layer 

according to Liu et al. [217] and Li et al. [221]. As reported by Freyman et al. 

[222] extremely low friction coefficients of 0.004 at 0% RH were achieved which 

increase to 0.01 at 10% RH. No further increase up to 50% RH was observed. 

These coatings have been produced by unbalanced magnetron sputtering from 

a graphite target using a mixture of argon and hydrogen.

Strongly increasing friction coefficients from a range of 0.05 to 0.1 at low 

humidity to a range of 0.2 to 0.5 at high humidities were shown by Sanchez- 

Lopez et al. [223] Suzuki et al. [224] and Gangopadhyay et al. [225] using steel 

as mating ball material for highly hydrogenated a-C:H coatings with 37 at.% 

hydrogen content.
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Moderately increasing and almost stable friction coefficients from a range of 0.1 

to 0.2 at low humidity to a range of 0.1 to 0.3 at high humidities were presented 

by Suzuki et al. against steel [224], Tanaka et al. against SiC [226] and Erdemir 

against Si3N4 [227] for coatings with hydrogen contents of 20 to 30 at.%. 

Decreasing friction coefficients with the increase of relative humidity are shown 

by Waesche et al. against Si3N4, SiC and steel [228] but no coating properties 

are reported. Voevodin et al. [234] show for a-C:H coatings produced by PLD 

against sapphire a decrease of the friction coefficient from 0.06 at 10% RH to 

0.04 at 90% RH and for steel from 0.23 at 10% RH to 0.12 at 90% RH. 

Sanchez-Lopez et al. [223] reported slightly decreasing friction coefficient from 

0.25 to 0.21 when the humidity increased from 0% RH to 40% RH.

Generally one can say that for coatings with low or no hydrogen content, for a 

decrease in friction with an increase in humidity, water molecules change the 

strong interaction energy between carbon atoms to a weaker interaction force at 

the contact. For some materials lubricative films can be formed by the reaction 

of water molecules with the mating ball material which are also able to reduce 

friction at higher humidity. More detailed examples will be discussed in the 

following section where the wear of the a-C:H coatings under the influence of 

humidity is discussed.
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Friction in Air 
at% RH 0 10 20 30 : 40 50 60 70 80 90 100 at % H Method Precursor bait mat.; (a-C:H propert.) Load;Speed

Miyoshi 1989 [229] 0.20 PECVD CH4 Si3N4; (H=22 GPa) 1 N; 0.013c m/s

Kim 1991 [230] 0.16 0.08 0.19 55 PECVD CH4+H2 Si3N4 9.8 N; 1.87 cm/s

Erdemir 1991 [231] 0.15 PECVD CH„ Si3N4 1 N; 2.6 cm/s

Erdemir 1991 0.13 PECVD CH„ Si3N4 5 N; 2.6 cm/s

Erdemir 1991 0.12 PECVD CH„ Si3N4 ION; 2.6 cm/s

Erdemir 1991 0.16 PECVD CH„ Sapphire 1 N; 2.6 cm/s

Erdemir 1991 0.13 PECVD CH„ Sapphire 5 N; 2.6 cm/s

Erdemir 1991 0.11 PECVD CH4 Sapphire 10 N; 2.6 cm/s

Erdemir 1991 0.14 PECVD CH4 Sapphire 20 N; 2.6 cm/s

Erdemir 1991 0.07 0.16 0.16 PECVD CH4 Si,N4 2 N; 2.6 cm/s

Paulmier 1993 [232] 0.10 PECVD C2H2+H2 steel 2 N; 5 cm/s

Donnet 1994 [233] 0.15 40 PECVD C2H2 steel; (H=17GPa) 4 N; 0.17 cm/s

Voevodin 1995 [234] 0.06 0.06 0.06 0.05 0.05 0.05 0.04 0.04 0.04 PLD; PC target sapphire; (H= 12 GPa) 1 N; 20 cm/s

Voevodin 1995 0.23 0.21 0.20 0.18 0.17 0.15 0.14 0.13 0.12 PLD; PC target sapphire; (H= 12 GPa) 1 N; 20 cm/s

Liu 1996 [235] 0.04 ibd ch4 steel 5 N; 50 cm/s

Liu 1996 0.05 ibd ch4 steel 10 N; 50 cm/s

Liu 1996 0.09 ibd ch4 steel 20 N; 50 cm/s

Liu 1996* [236] 0.18 IBD CH4 Zr02 1 N; 6 cm/s

Liu 1996* 0.06 IBD CH4 Zr02 1 N; 160 cm/s

Liu 1996* 0.08 ibd ch4 Zr02 10 N; 10 cm/s

Liu 1996* 0.05 IBD CH4 Zr02 10 N; 160 cm/s

Erdemir 1996 [237] 0.06 ibd ch4 MgO-PSZ; (H= 12 GPa) 5 N; lOOcm/s

Erdemir 1996 0.06 ibd ch4 MgO-PSZ; (H= 12 GPa) 5 N; 600cm/s

Liu 1997 [217] 0.02 0.08 0.10 ibd ch4 Zr02 ION; 50 cm/s

Liu 1997 0.30 IBDCR, Zr02 10 N; 6 cm/s
Gangopahyay1997 
[225] 0.09 0.10 0.15 0.18 0.29 0.48 37 PECVD steel; (H=12 GPa) 4.4 N; 3.5 cm/s

Erdemir 1997 [227] 0.11 IBD CH4 steel 5 N; 10 cm/s

Erdemir 1997 0.16 IBD C2H2 steel 5 N; 10 cm/s

Erdemir 1997 0.10 IBD CH4 steel 5 N; 60 cm/s

Yoon 1998 [238] 0.12 0.15 PECVD C6H6 steel 5 N; 5 cm/s

Jiang 1998 [239] 0.13 20 PECVD UBM WC 40 N; 5 cm/s
Ronkainen 2001 
[240] 0.45 32 PECVD CH„ steel 5 N; 2 cm/s

Ronkainen 2001 0.4 32 PECVD CH4 steel 5 N; 150 cm/s

Ronkainen 2001 0.2 32 PECVD CH4 steel 40 N; 3 cm/s

Ronkainen 2001 0.15 32 PECVD CH4 steel 40 N; 150 cm/s

Ronkainen 2001 0.12 32 PECVD CH4 a i2o , 5 N; 1 cm/s

Ronkainen 2001 0.1 32 PECVD CH4 Al,0, 5 N; 300 cm/s

Ronkainen 2001 0.13 32 PECVD CH4 Al,0, 22 N; 150 cm/s

Zhang 2002 [241] 0.07 PECVD C6H6 SiC 1 N; 10 cm/s

Bewilogua 2002 [242] 0.2 PECVD C2H2 steel 1 N; 4 cm/s

Gupta 2003 [243] 0.06 40 PECVD CH„ Al20 3; (H= 28 GPa) 2.5 N; 10 cm/s

Gupta 2003 0.11 21 PECVD CH4 Al20,; (H= 39 GPa) 2.5 N; 10 cm/s

Suzuki 2003 [244] 0.06 0.11 24 PECVD hot filam. steel; (H = ll GPa) 2 N; 1 cm/s

Suzuki 2003 0.07 0.14 37 PECVD ECR steel; (H=10 GPa) 2 N; 1 cm/s

Suzuki 2003 0.1 0.11 31 RF PECVD CH4 steel; (H=18 GPa) 2 N; 1 cm/s

Table 2.5 part I of I I : Friction of a-C:H in air depending on the relative humidity

RH, data taken from references cited in this table



Friction in Air 
at%RH 0 10 20 30 40 50 ! 60 70 80 90 100 at.% H ■ Method Precursor. ball mat.; (a-C:H pro pert.) Load;Speed

Bremond 2003 [245] 0.15 10 PECVD a-C:H; (H= 25 GPa) 3.4 N; 10 cm/s

Bremond 2003 0.15 10 PECVD a-C:H; (H= 25 GPa) 3.4 N; 40 cm/s
Sanchez-Lopez 2003 
[246] 0.05 0.28 PECVD H2+CH4 steel 10N; 10 cm/s

Sanchez-Lopez 2003 0.25 0.21 PECVD CH4+H2 steel 10 N; 10 cm/s

Sanchez-Lopez 2003 0.23 PECVD CH4 steel 10 N; 10 cm/s

Sanchez-Lopez 2003 0.07 0.30 PECVD C2H2 steel ION; 10 cm/s

Tanaka 2003 [226] 0.13 0.24 22.5 PECVD IP C6H6 SiC; H= 28 GPa) 0.64 N ;0.2 cm/s

Tanaka 2003 0.19 0.23 24 PECVD IP C7H8 SiC; (H=27 GPa) 0.64 N ;0.2 cm/s

Tanaka 2003 0.21 0.26 29 PECVD IP CH4 SiC; (H=18 GPa) 0.64 N ;0.2 cm/s

Tanaka 2003 0.15 0.21 22.5 PECVD IP C6H6 SiC; H= 28 GPa) 1.06 N ;0.2 cm/s

Tanaka 2003 0.21 0.23 24 PECVD IP C7H8 SiC; (H=27 GPa) 1.06 N ;0.2 cm/s

Tanaka 2003 0.20 0.20 29 PECVD IP CH4 SiC; (H=18 GPa) 1.06 N ;0.2 cm/s

Tanaka 2003 0.15 0.15 22.5 PECVD IP C6H6 SiC; H= 28 GPa) 0.64 N ;0.83 cm/s

Tanaka 2003 0.14 0.12 24 PECVD IP C7H8 SiC; (H=27 GPa) 0.64 N ;0.83 cm/s

Tanaka 2003 0.15 0.15 29 PECVD IP CH4 SiC; (H=18 GPa) 0.64 N ;0.83 cm/s

Tanaka 2003 0.13 0.14 22.5 PECVD IP C6H6 SiC; H= 28 GPa) 1.06 N ;0.83 cm/s

Tanaka 2003 0.11 0.12 24 PECVD IP C7H8 SiC; (H=27 GPa) 1.06 N ;0.83 cm/s

Tanaka 2003 0.15 0.15 29 PECVD IP CH4 SiC; (H=18 GPa) 1.06 N ;0.83 cm/s
Park 2003 [219] 
Park 2004 [220] 0.03 0.08 0.2 30 PECVD C6H6 steel; (H= 11 GPa) 4 N ; 20 cm/s

Suzuki 2004 [224] 0.10 25 PECVD IP C7H8 steel; (H=27 GPa) 10 N; 2 cm/s

Suzuki 2004 0.08 29 PECVD IP CH4 steel; (H=10 GPa) 10N; 2 cm/s

Suzuki 2004 0.05 37 PECVD IP CH4 steel; (H=20 GPa) 10 N; 2 cm/s

Suzuki 2004 0.04 44 PECVD IP CH4+H2 steel; (H=6 GPa) 10 N; 2 cm/s

Li 2006 [221] 0.04 0.05 0.06 0.07 0.08 0.09 PECVD CH4 Si3N4; (H= 15 GPa) 2 N; 2 cm/s

Freyman 2006 [222] 0.004 0.01 0.02 0.02 UBM C-Targ. Ar+H2 a-C:H; (H= 13 GPa) 1 cm/s

Liu 2007 [247] 0.12 0.16 0.11 0.11 30 RF PECVD corundum; (H=22 GPa) 2 N; 0.16 cm/s

Lawes 2007 [248] 0.15 PECVD steel 40 N; 5 cm/s
Vanhulsel 2007 
[249] 0.23 51 PECVD ICP CH4+H2 steel; (H= 9 GPa) 5 N; 1 cm/s

Vanhulsel 2007 0.25 49 PECVD ICP CH4+H2 steel; (H= 9 GPa) 5 N; 1 cm/s

Vanhulsel 2007 0.17 44 PECVD ICP CH4+H2 steel; (H= 14 GPa) 5 N; 1 cm/s
Ronkainen 2007 
[250] 0.06 PECVD MS CH4 diamond; (1-1= 5 GPa) 5 N; 0.017 cm/s

Ronkainen 2007 0.11 PECVD MS CH4 diamond; (H= 5 GPa) 50 N; 0.017 cm/s

Ronkainen 2007 0.04 PECVD MS CH4 diamond; (H= 5 GPa) 5 N; 1 cm/s

Ronkainen 2007 0.04 PECVD MS CH4 diamond; (H= 5 GPa) 10 N; 1 cm/s

Wasche 2008 [228] 0.14 0.08 0.06 steel

Wasche 2008 0.1 0.08 SiC

Wasche 2008 0.14 0.06 Si3N4

Tillmann 2011 [218] 0.03 0.09 23.5 PECVD C2H2 WC; (H= 18 GPa) 10N; 40 cm/s

Tillmann 2011 0.03 0.09 19.9 PECVD C2H2 WC; (H= 23 GPa) 10N; 40 cm/s

Gant 2011(251] 0.10 Balinit DLCStar steel; (H= 19.6 GPa) 10N; 10 cm/s

Gant 2011 0.05 Bekaert DLC steel; (H= 17.6 to 25 GPa) 10 N; 10 cm/s

Gant 2011 0.25 Diamolith DLC steel; (H= 44 GPa) 10 N; 10 cm/s

Santos 2013 [252] 0.10 19 RF PECVD TiAI6V4 ION; 10 cm/s

Table 2.5 part II of I I : Friction of a-C:H in air depending on relative humidity,

RH, data taken from references cited in this table
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Figure 2.14 : Friction of a-C:FI in air depending on the relative humidity RH, 

data taken from references cited in Table 2.5 part I and Table 2.5 part II
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2.3.7 Wear of amorphous hydrogenated carbon (a-C:H) coatings

The ball-on-disk test, which is also called pin-on-disk test, and the reciprocating 

wear test with linear oscillation movement allow the determining of adhesive 

wear rates and friction coefficients under sliding conditions. In order to compare 

the wear rates presented in the literature the most common unit for the wear 

coefficient of mm3/(Nm) is used.

Today an abrasive wear test, the ball cratering test, which is also known as 

CaloTest, is used with increasing frequency. In this test abrasive media are fed 

into the contact between the coating and the wear counterpart. The wear 

conditions of the ball cratering test are more independent of the friction 

properties of the coatings and the formation of transfer layers and characterize 

the abrasive wear resistance of the coating material itself. The ball cratering test 

method used for determining the wear rates of the produced a-C:H-based 

coatings is described in more detail in chapter 3.4 of this thesis.

According to Leyland and Matthews [253] the wear resistance achieved from 

the abrasive wear test are expected to follow the relationship of hardness to 

elastic modulus (H/E) which also appears in the “plasticity index” [254]. The 

hardness (H) of a coating can be estimated according to Kisly [255] as a 

product of the binding energy (Eb) and the covalency (ac) divided by the square 

of the bond length (d) as H *  (Ebx ac)/d2. Charitidis et al. [256] considered that a 

coating needs to undergo a high proportion of elastic deformation and needs 

high resistance to plastic deformation which he called the “plastic resistance 

parameter”. The plastic resistance parameter (H3/E2) can be calculated from the 

equation (H3/E2): Py = K x (H3/E2) for a load (Py).

For a specific wear case the wear test has to be selected carefully in order to 

represent the dominant wear mechanism(s) of the practical application for which 

the a-C:H coated parts are used [257, 258].

The adhesive wear coefficients for a-C:H coatings in ambient air, depending on

the relative humidity (RH), were taken from the “Ball-on-Disk” test or the “Linear

oscillation Movement” test from various literature references. The wear

coefficients of a-C:H coatings depending on RH in air and the related literature

references are shown in Figure 2.15. In Table 2.6, the wear results and the
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conditions of the wear test together with the literature references are given for 

ambient air depending on the relative humidity.

Figure 2.15 shows that for different a-C:H types and wear conditions the wear 

rate can increase or decrease with increasing RH. At high relative humidities 

above 90% RH for both types of wear behaviors the wear coefficients reach the 

same range of 2 x 10'8 to 1.7 x 10'7 mm3/(Nm).

For wear rates that increase with increasing relative humidity RH Liu et al. [217] 

observed a graphitized tribolayer. It was found that at low humidity under 

steady-state conditions only a small amount of graphitized coating material is 

needed to balance the generation and the consumption of tribofilm material 

which results in a low wear rate. Liu discussed that under dry conditions the 

graphitization of the coating material is promoted whereas at high humidity 

water molecules decelerate the graphitization process and no more 

graphitization was observed at 100% RH which meant that the coating was in 

direct contact with the ball material Z r02.
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Figure 2.15 : Wear of a-C:H coated disks in air depending on the relative 

humidity, data taken from references cited in Table 2.6
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Under direct contact conditions between ball material and the a-C:H coatings 

tribochemical reactions forming C=0 bonds on the a-C:H coating were 

observed by Kim et al. [230] for humidity levels above 50% RH. The increasing 

oxidation of a-C:H with increasing humidity is combined with higher wear rates.

Increasing wear rates with higher humidity were also discussed by Li et al. [221] 

for a-C:H sliding against a Si3N4 ball. Again, the tribolayer formation on the 

Si3N4 under dry conditions and the oxidation of a-C:H at higher humidity are 

used to explain the wear behavior as a function of humidity in air and also in 

oxygen.

The higher bond strength of the oxidation products at the sliding contact of 

about 0.21 eV for C-0 and C=0 sites formed under highly humid conditions 

compared to the van der Waals bond in graphitic material of 0.08 eV under dry 

conditions was expected to cause the increase of the friction coefficients and 

the wear coefficients with increasing humidity.

Decreasing wear rates of a-C:H coatings were observed by Tanaka et al. [226] 

for a-C:H. For a-C:H coatings produced by PECVD using C6H6, C7H8 and CH4 

as precursors hydrogen contents of 22.5 at.%, 24 at.% and 29 at.% were 

achieved. The films were tested in air of 20% and 80% RH using a SiC ball as 

counterpart with sliding velocities of 0.2 and 0.83 cm/s and loads of 0.64 N and

1.06 N. In Table 2.6 it is shown that the wear rates increase with increasing load 

at high humidity. At low humidity only the wear coefficients of the CH4 based 

coatings increased significantly, whereas the C6H6 and C7H8-based films show 

stable or decreasing wear. The wear increases at higher sliding speeds 

significantly for all types of a-C:H coatings at 20% and 80% RH. Tanaka 

suspects that reduction of wear with increasing humidity is related to the mild 

wear conditions and that was observed under both dry conditions with the 

existence of a transfer layer and highly humid conditions where the transfer 

layer disappears.

The reduction of friction at higher humidity could be explained by the oxidation 

of the a-C:H film and the SiC ball in a humid atmosphere. An oxidation process
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similar to the oxidation of Si3N4 as discussed by Enomoto [259] is expected for 

SiC which can occur at the high temperatures on “hot spots” during sliding on 

the asperities when the SiC is not protected by a graphitic tribolayer. Under 

such conditions S i02 is formed and can react with water to form silicic acid 

(Si(OH)4) as described by Gao et al. [260]. At the tribocontact silicic acid can be 

accumulated and form a hydrated layer which can serve as a wear and friction 

reducing tribochemical film. Gao et al. [261] discusses this process in the 

presence of graphite which is necessary to accumulate the tribochemical film on 

the wear contact.

The low wear rates of SiC after oxidation in humid atmospheres were already 

discussed by Sasaki in 1989 [262]. According to Sasaki polar molecules like 

H20  are adsorbed on the S i02 (oxidized surface of Si3N4 or SiC) forming 

protecting hydrated layers.

Jiang et al. [263] observed decreasing wear rates at increasing humidity in air 

for a-C coatings sliding against tungsten carbide balls. Under humid conditions 

adsorption of water at the dangling bonds reduces the energy in the surface 

contact and leads to finer wear debris and therefore smaller wear rates.

Suzuki et al. [244] found for a-C:H coatings produced with ECR PECVD an 

increase of wear with humidity whereas for coatings produced with RF PECVD 

and hot filament PECVD the wear rates decreased with humidity. The different 

tribological behavior was expected to result from the difference in microscopic 

film structure where the ECR PECVD based a-C:H coatings are characterized 

by larger crystallite sizes (Lc) which have been calculated from the I d / I g  ratio 

using Raman spectroscopy.

The proportionality of 1/LC with Id/Ig for graphite was found by Tuinstra and 

Koenig [264] from systematic Raman and X-Ray diffraction studies and a 

general formula for the use of lasers in the visible range was presented by 

Cancado et al. [265] for nanographite.
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Wear* in air 
at%RH 0 10 20 30 40 50 60 70 80 90 100 ball mat; (a-C:H propert.) Load;Speed
Voevodin 1995 
[234] 1.0E-06 sapphire; (H=12GPa) P=0.8GPa;20cm/s

Erdemir 1996 [237] 7.8E-07 MgO-PSZ; (H=12GPa) 5N;100cm/s

Erdemir 1996 2.2E-06 MgO-PSZ; (H=12GPa) 5N;600cm/s
Liu 1997 [217] 6.3E-08 8.0E-08 1.1E-07 Zr02 10N;50cm/s
Liu 1997 4.9E-07 Zr02 10N;6cm/s
Gangopadhyay 
1997 [225] 1.4E-07 steel;(H=12GPa;37at°/oH) 4.4N;3.5cm/s
Gangopadhyay
1997 7.5E-07 steel;(H=12GPa;37at%H) 4.4N;37cm/s

Jiang 1998 [239] 6.7E-08 WC; (~20at%H) 20N;5cm/s

Jiang 1998 [239] 8.8E-08 WC; (~20at%H) 40N;5cm/s

Zhang 2002 [241] 1.1E-07 SiC; (H=30.2GPA) lN;10cm/s

Sheeja 2003 [266] 2.5E-07 ta-C coated steel 5N;3cm/s

Sheeja 2003 4.3E-07 steel SN;3cm/s

Tanaka 2003 [226] 6.0E-08 SiC; -C6H6 used- 0.64N;0.2cm/s

Tanaka 2003 6.0E-08 SiC; -C7H8 used- 0.64N;0.2cm/s

Tanaka 2003 2.0E-08 SiC; -CH4 used- 0.64N;0.2cm/s

Tanaka 2003 4.0E-08 1.4E-08 SiC;-C6H6used- 1.06N;0.2cm/s

Tanaka 2003 5.0E-08 1.6E-08 SiC; -C7H8 used- 1.06N;0.2cm/s

Tanaka 2003 3.0E-08 1.2E-08 SiC; -CH4 used- 1.06N;0.2cm/s

Tanaka 2003 3.0E-07 3.0E-08 SiC; -C6H6 used- 0.64N;0.83cm/s

Tanaka 2003 4.0E-07 2.0E-08 SiC; -C7H8 used- 0.64N;0.83cm/s

Tanaka 2003 5.5E-07 1.0E-07 SiC; -CH4 used- 0.64N;0.83cm/s

Tanaka 2003 3.2E-07 9.0E-08 SiC; -C6H6 used- 1.06N;0.83cm/s

Tanaka 2003 3.0E-07 4.2E-08 SiC; -C7H8 used- 1.06N;0.83cm/s

Tanaka 2003 6.5E-07 2.1E-07 SiC; -CH4 used- 1.06N;0.83cm/s

Gupta 2003 [243] 1.8E-06 AI2O3;(H=28GPa;40at%H) 2.5N;10cm/s

Gupta 2003 1.4E-07 AI20 3;(H=39GPa;21at%H) 2.5N;10cm/s

Jiang 2003 [267] 1.4E-07 7.0E-08 5.0E-08 3.0E-08 WC; (H=7GPa) 10N;2Scm/s

Jiang 2003 1.1E-07 7.0E-08 WC; (H=7GPa) 10N;5cm/s

Suzuki 2003 [244] 1.3E-07 2.0E-08 steel; (H=llGPa) 2.05N;lcm/s

Suzuki 2003 1.0E-07 1.7E-07 steel; (H=10GPa) 2.05N;lcm/s

Suzuki 2003 1.7E-07 8.0E-08 steel; (H=18GPa) 2.05N;lcm/s

Suzuki 2004 [224] 3.0E-08 steel; [H=27GPa;25at%H] 10N;2cm/s

Suzuki 2004 7.0E-08 steel; (H=10GPa;29at%H) 10N;2cm/s

Suzuki 2004 6.0E-08 steel; (H=20GPa;37at%H) 10N;2cm/s

Suzuki 2004 1.2E-07 steel; (H=6GPa;44at%H) 10N;2cm/s

Li 2006 [221] 7.1E-09 8.0E-09 2.0E-08 5.0E-08 5.5E-08 7.0E-08 Si3N„; (H=15GPa) 2N;2cm/s
Vanhusel 2007 
[249] 1.1E-07 steel;(H=9GPa;51at%H) 5N;lcm/s

Vanhusel 2007 1.3E-07 steel;(H=9GPa;49at%H) 5N;lcm/s

Vanhusel 2007 1.1E-07 steel; (H=14GPa;44at°/oH) 5N;lcm/s

Tillmann 2011 [218] 5.2E-07 WC;(H=18GPa;24at%H) 10N;0.67cm/s

*  W e a ro fa -C :H  on disk expressed as w ear coefficients in m m 3/(N m )

Table 2.6 ; Wear of a-C:H coated disks in air depending on the relative

humidity, data taken from references cited in this table
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The wear rates of a-C:H in dry nitrogen are shown in Figure 2.16 depending on 

the relative humidity RH. The corresponding data for the wear rates given in 

Table 2.7 contains the type of coating processes, the wear test conditions and 

the literature references.

Li et al. [221] found for the a-C:H coatings in dry nitrogen a higher wear rate 

compared to the wear rates obtained in air which have been discussed above. 

At relative humidities above 40% RH the wear rates in nitrogen were 

significantly lower than in air but the friction coefficients were always lower in 

dry nitrogen than in dry air at the same relative humidities. Li observed that the 

a-C:H coating showed a flake-like peeling off in dry nitrogen combined with a 

large amount of wear debris around the contact region even with the existence 

of a carbon rich transfer layer on the Si3N4 ball. This indicates that a large mass 

transfer occurs in dry nitrogen to the Si3N4 ball. At 40% RH the worn surfaces of 

the a-C:H film are smooth and the contact area on the Si3N4 ball is covered with 

a compact and dense transfer layer. It was expected that water molecules 

passivate dangling bonds on the wear track on the a-C:H coating. The transfer 

layer became discontinuous at 100% RH and more wear debris together with 

severe wear of the Si3N4 ball were observed.

Vanhulsel et al. [249] observed for a highly hydrogenated film of about 9 GPa 

hardness with 49 at.% hydrogen content low wear rates in dry nitrogen. The 

wear rate decreased when the load increased from 10 to 20 N from 1 x 10'8 to 5 

x 10"9 mm3/(Nm) respectively. The wear behavior could be explained by a high 

saturation of the dangling bonds with hydrogen and the related low friction and 

low wear effects. Decreasing wear at higher load is expected to result from 

increasing graphitization and improved transfer layer formation.

A very low a-C:H disk coating wear rate of 2.2 x 10'9 mm3/(Nm) in dry nitrogen 

was reported by Zhang et al. [241] for a coating with a high hardness of about 

30 GPa which was produced by PECVD using benzene as precursor. The low 

wear rate and a low friction coefficient of 0.06 result from the formation of a 

lubricating carbon-based transfer layer on the SiC ball.
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The wear rates at 100% RH for nitrogen atmosphere shown in Figure 2.16 

depend on the ball material used and are comparable to the wear rates that 

have been observed for air at 100% RH.

a-C:H; H= 15 GPa 

Fn = 2 N; v = 2 cm/s 

(Al20 3 ball)

a-C:H; H= 15 GPa 
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Fn = 2 N; v = 2 cm /s 
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□  Li 2005 
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Figure 2.16 : Wear of a-C:H coated disks in nitrogen depending on humidity, 

RH, data taken from references cited in Table 2.7

Wear* in N2 
at%RH 0 10 20 30 40 50 60 70 80 90 100 ball mat; (a-C:H propert.) Load;Speed Deposition

Zhang 2002 [241] 2.2E-09 SiC; (H=30.2GPa) lN;10cm /s a-C:H PECVD

Li 2005 [268] S.5E-08 Si3N4; (H=15GPa) 2N;2cm/s a-C:H PECVD

Li 2005 3.9E-07 AI203; (H=15GPa) 2N;2cm/s a-C:H PECVD

Li 2005 1.4E-07 steel; (H=15GPa) 2N;2cm/s a-C:H PECVD

Li 2006 [221] 6.5E-07 2.0E-07 1.3E-08 1.5E-08 3.0E-08 5.5E-08 Si3N4; (H=15GPa) 2N;2cm/s a-C:H PECVD

Vanhusel 2007 [249] 1.0E-08 steel;(H=9GPa;49at%H) 10N;lcm /s a-C:H PECVD CH„+H2

Vanhusel 2007 5.0E-09 stee!;(H=9GPa;49at%H) 20N;lcm /s a-C:H PECVD CH„+H2

* Wear of a-C:H on disk expressed as wear coefficients in mm3/(Nm)

Table 2.7 : Wear of a-C:H coated disks in nitrogen depending on the relative 

humidity, RH, data taken from references cited in this table

Erdemir et al. [269, 270] reported in various publications on a-C:H coatings with 

superlow friction and wear behavior obtained for dry nitrogen at high loads of 10 

N and high velocities of 50 cm/s, depending on the selection of the precursor

3 1.0E-08 C >-~3..C;ki;.li=-9..GRa— ------— ___
s- fn = 10N; v = 1 cm/s (steel ball)

E21 a-G:H> H — 9 GPa
FN = 20 N; v = 1 cm /s (steel ball)

^  a-C:H; H= 30 GPa
Fn = IN ; v = 10 cm /s (SiC ball)
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gas at PECVD deposition. For the wear test the steel balls and the steel disks 

were coated with the a-C:H coatings.

The ball wear results, which can be observed in Figure 2.17, show a strong 

dependence on the type of the precursor gas and more specifically on its FI/C 

ratio. High wear rates in the 10'7 mm3/(Nm)-range were observed for hydrogen 

free a-C and a-C:H which was produced using C2H2 (H/C=1) as precursor. 

Erdemir showed that for CH4 (H/C=4) as precursor, low wear rates < 10'8 

mm3/(Nm) were achieved and that these wear rates can be further reduced to 

below 4 x 1CT10 mm3/(Nm) using a mixture of 10% CH4+ 90% H2 (H/C=22) at 

coating deposition.

Under vacuum conditions it was shown that a-C:H needs high hydrogen content 

above 40 at.% in the coating in order to saturate the dangling bonds by forming 

stable C-H bonds. This results in a low surface contact energy between 

hydrogen atoms of 0.08 eV corresponding to the H-H binding energy as 

discussed by Donnet et al. [271] in order to finally achieve low friction and wear 

properties. The same mechanisms are expected for dry nitrogen atmosphere.
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Figure 2.17 : Wear of a-C:FI coated balls in dry nitrogen depending on the 

precursor gas, according to Erdemir et al. [269, 270]
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Erdemir [272] discussed that at exposure of a-C:H films to higher temperatures 

the coatings may show increasing transformation to a graphitic phase and 

become more oxidized which results in a higher wear rate. The wear of a-C:H 

depending on the temperature is shown in Figure 2.18. The wear coefficient 

increases by four decades from 1.46 x 10'10 mm3/(Nm) at RT to 1.05 x 10'7 

mm3/(Nm) at 150 °C and reaches 1.39 x 1CT6 mm3/(Nm) at the maximum 

temperature of 250 °C.
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Figure 2.18 : Wear of a-C:H coatings depending on the temperature, according 

to Erdemir [272]

In order to achieve low wear rates the atmosphere where the a-C:H coating will 

be used and the wear conditions including the material of the wear counterpart 

have to be considered. The coating process and the process parameters, the 

coating properties and composition as well as the thickness of the coating have 

to be adapted to the application conditions and the required service life. The 

commercial requirements given by cost of ownership limitations also have to be 

fulfilled for industrial applications.
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2.3.8 Friction and wear of a-C:H:Si (Si-DLC) coatings

The correct designation of silicon doped amorphous hydrogenated carbon 

according to the VDI 2840 guideline [273], is a-C:H:Si but the name Si-DLC is 

quite frequently used. Therefore the name Si-DLC is also used in this thesis. 

The principle friction and wear mechanisms have been already described in the 

a-C:H related section, therefore for the Si-DLC the specific friction and wear 

results and the related discussion explaining the friction and wear related 

effects as well as the production methods of the coatings are presented.

The characteristic behavior of friction and wear of Si-DLC was already widely 

discussed in publications of the late 1980s and early 1990s. The results from 

these early publications were primarily used in order to describe the tribological 

behavior of Si-DLC supplemented through selected results from later 

publications. During the following presentation of the coating process for a-C:IH- 

based coatings and coating results in this thesis, specific literature references 

on Si-DLC will be provided and discussed.

Goranchev et al. [274] reported in 1986 on the deposition of Si-DLC by RF 

PECVD deposition using a silicon target that was covered with a layer from 

previous poisoning in an Ar-CH4 gas mixture. Si-DLC coatings with low friction 

coefficients of 0.08 were deposited.

Sugimoto and Miyake [275] reported on highly lubricative Si-DLC films which 

were produced by electron cyclotron resonance (ECR) based deposition using 

ethylene and silane. A minimum friction coefficient of 0.007 was observed for a 

4.9 N load and 13 cm/s sliding speed against a steel mating ball under high 

vacuum conditions. Well adhering oriented hydrocarbon layers were detected 

on the mating balls by using IR spectroscopy when low friction conditions were 

present. In a vacuum Miyake [276] found for Si-DLC at 10 at.% Si-content, 

produced by ECR using ethylene and silane, a minimum friction coefficient of 

below 0.01, which was almost constant after annealing at 400°C. Compared to 

this, at lower and higher silicon concentrations the friction coefficient increased 

after annealing. A high friction coefficient was observed after annealing at 

600°C which was expected to originate from the change to a crystal-like Si-C 

structure. From micro IR-analyses a transfer layer of hydrogenated carbon was 

observed on the ball.
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For PECVD deposition with SiCI4 and CH4 as precursors Oguri and Arai [277] 

achieved coatings of high Vickers hardness of more than HV 2000 with carbon 

contents of 55 to 85 at.% (ignoring hydrogen). By Raman spectroscopy 

diamond-like carbon was observed which indicates a Si-DLC deposition at 

these carbon contents. In their publication from 1991 [278] minimum friction 

coefficients of 0.03 to 0.05 were observed for Si-DLC at silicon contents of 15 to 

25 at.% (ignoring hydrogen and chlorine). Figure 2.19 shows the initial and the 

steady-state friction coefficients using a steel ball depending on the load, 

according to Oguri and Arai. For the Si-DLC with Si-contents of 21 at.% 

(excluding hydrogen and chlorine) a large amount of wear debris was found on 

the steel mating ball which was combined with a higher wear rate of the coating 

above 10'7 mm3/(Nm) compared to a-C:H. From Fourier transform infrared 

spectroscopy (FTIR) S i02 was detected on the wear debris. The formation of 

S i02 on the wear debris was considered to be combined with the creation of the 

low friction coefficient of the Si-DLC. In 1992 Oguri and Arai [279] showed for 

Si-DLC with 43 at.% C, 42 at.% H, 13 at.% Si and 2 at.% Cl in ambient air of 

50% RH friction coefficients in the range of 0.06 to 0.09 and in dry nitrogen a 

friction coefficient of 0.03.

0.16 ball on disk test:
ambient air of 50 to 70% RH
sliding speed 20 cm/s
20 at.% Si-content (ignoring hydrogen)

0.14

0.12
O initial friction coefficient

0.10
•  steady state friction coefficient

0.08

0.06

0.04

0.02

0.00
20 5010 30 400

Load [N]

Figure 2.19 : Initial and steady state friction coefficients of Si-DLC depending 

on the load, redrawn according to Oguri and Arai [278]
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Figure 2.20 : Schematic to explain the low friction mechanism for Si-DLC in 

humid atmosphere, redrawn according to Oguri and Arai [279]

The low friction coefficient for the Si-DLC in contact with steel in humid air was 

explained by Oguri and Arai [279] by the formation of silica-so! which is 

expected to act as a lubricant. In Figure 2.20 this low friction mechanism for Si- 

DLC with the formation of silica-sol is shown.

In 1992 Oguri and Arai [280] reported on Si-DLC which has been transformed to 

graphite-like carbon with silicon after annealing for one hour under vacuum 

conditions at a temperature of 760°C. For the graphite-like carbon with silicon a 

high friction coefficient of about 0.2, which is similar to graphite, was observed.

Si-DLC coatings with low friction coefficients of about 0.05 (steel mating ball) in 

ambient air for the humidity range of 20 to 70% RH have been deposited by 

Hioki et al. [281] and Itoh et al. [282] by the ion beam assisted deposition 

(IBAD) method using heated silicone oil vapor as precursor and Ar for ion 

irradiation. Hioki expected that the moisture insensitivity originated from the 

hydrophobic behavior of remaining siloxane in the Si-DLC. In a dry nitrogen 

atmosphere the friction coefficient was reduced to below 0.02. A transfer layer 

containing carbon, silicon, oxygen and iron was observed on the steel ball by
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electron probe micro-analysis (EPMA) after testing in air at 60% RH. Hioki 

presented in 1994 [283] for Si-DLC low friction coefficients as low as 0.05 for 

the range of silicon concentrations x of 0.05 < x < 0.35.

Smeets et al. [284] presented for Si-DLC deposited by R.F. PECVD using silane 

and methane precursors minimum friction coefficients, in nitrogen of 50% RH, of 

0.05 to 0.07 in the range of carbon concentrations of 75 to 80 at.% (neglecting 

hydrogen) using loads of 1, 5 and 10 N. For these Si-DLC coatings Meneve et 

al. [285] showed for the film stress a minimum of below 1.2 GPa for carbon 

contents of 65 to 80 at.%.

The wear of Si-DLC on the coated disk depending on the carbon content x, 

which is shown in Figure 2.21, decreases from 1 x1 O'5 mm3/(Nm) at x = 0.65 to a 

wear rate of below 6 x 10*7 mm3/(Nm) at x > 0.8 using a steel mating ball with 

loads of 5 and 10 N applied in nitrogen atmosphere of 50% RH. The 

corresponding wear of the steel ball is given in Figure 2.22. Under the same test 

conditions ball wear coefficients of below 10 7 mm3/(Nm) at x = 0.65 to below 5 

x 10'8 mm3/(Nm) at x = 1 were determined.
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disk wear 5N load 

disk wear 10N load

0.6 0.7 0.7 0.8 0.8 0.9 0.9

Carbon fraction C/Si of a-C:H:Si coatings

Figure 2.21 : Wear of the Si-DLC on coated steel disk depending on the carbon 

content x, redrawn according to Meneve et al. [285]
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Gangopadhyay et al. [225] of the Ford Motor Company found for Si-DLC a low 

friction region at 5 to 18% atomic concentration of silicon, as detailed in Figure 

2.23.
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Figure 2.22 : Wear of steel mating ball sliding against Si-DLC coated steel disk 

depending on the carbon content x, redrawn according to Meneve et al. [285]
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Figure 2.23 : Friction coefficient of a-C:FI:Si depending on the atomic 

concentration of silicon, redrawn according to Gangopadhyay et al. [225]
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Figure 2.24 : Friction coefficient of a-C:H and a-C: FI: Si depending on humidity, 

redrawn according to Gangopadhyay et al. [225]

It was also shown by Gangopadhyay et al. (see Figure 2.24) that the friction 

coefficient of a-C:H increases strongly as a function of humidity, whereas the 

friction coefficient of Si-DLC with 6.7 at.% Si was almost stable with about 0.1 in 

the humidity range of 2 to 70% RH. For the Si-DLC films transfer layers were 

observed for low as well as for high humidity conditions at almost equal ball 

wear rates. Compared to these results the a-C:H films showed at low humidity a 

transfer layer on the ball which almost disappeared at 70% humidity 

accompanied by the development of a wear scar. It was suggested that the 

silicon doping of a-C:H assists in the formation of a transfer layer under highly 

humid conditions. The wear rates of the Si-DLC coatings increased from 6 x 

10'7 mm3/(Nm) at 3.5 cm/s to above 3.2 x 10'6 mm3/(Nm) at 37 cm/s sliding 

velocity. For the Si-DLC low wear rates comparable with a-C:H were achieved 

for silicon concentrations below 9.3 at.%.

Wear test results from Gilmore and Hauert [286] show for Si-DLC with 1 at.% Si 

an increase of the film wear rate by a factor of 2 which increased to a factor of 4
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for 6 at.% silicon compared to the undoped a-C:H with wear rates in the range 

of 0.9 to 2.1 x 10‘7 mm3/(Nm).

The frictional and wear characteristics of a-C:H and Si-DLC were compared by 

Kim et al. [287] for humidities of 5, 30 and 85% RH using a steel mating ball at 

10 N load and 5 cm/s sliding speed under air atmosphere. For a-C:H the friction 

coefficient changed with humidity and was reduced from 0.23 at 5% RH to 0.12 

at 30% RH and increased slightly to 0.16 at 85% RH, whereas the friction 

coefficient of Si-DLC was almost constant at about 0.08. It was found for both 

types of coatings that the wear rates increased with decreasing humidity.

Zhao et al. [288] deposited Si-DLC coatings with an silicon concentration of 3.9 

at.% using a combination of unbalanced magnetron sputtering and RF PECVD. 

As a result of silicon doping Si, SiC and S i02 were found, whereby the diamond­

like amorphous microstructure was not affected. Using a Si3N4 ball in water a 

superlow friction coefficient of about 0.005 was determined and as 

tribochemical products colloidal silica particles and layers which, together with 

hydrodynamic lubrication, were expected to allow the achieving of this very low 

friction coefficient.

Chouquet et al. [289] deposited Si-DLC using a low frequency PECVD process 

by adjusting the ratio of the TMS flow to the total gas flow in order to achieve 

different silicon contents of the coatings. The friction coefficients and the 

nanohardness of these coatings depending on the silicon concentration are 

shown in Figure 2.25. Very low friction coefficients below 0.05 and 19.5 to 15.5 

GPa hardness were achieved for coatings with 6.4 and 14.5 at.% Si 

respectively. A visible wear track indicating a strong increase of the wear rate of 

the Si-DLC coatings can be observed with increasing TMS to the total gas flow 

ratio.

Yang et al. [290] used an Al20 3 ball in a ball-on-disk test at a load of 2 N and a 

sliding speed of 4.45 cm/s under ambient air of 30 to 40% RH. In contrast to 

a-C:H where the friction coefficient increased from 0.13 to 0.24, after annealing 

at 400 °C, the friction coefficient of Si-DLC with 16 at.% Si decreases from 0.17 

to 0.15 and complete oxidation of the silicon to S i02 was observed. At a higher
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Si content of 26 at.% the friction coefficient increases, after annealing to 400 °C, 

from 0.13 to 0.15 because of incomplete oxidation of the silicon which requires 

a higher temperature of 500 °C. The low friction behavior of Si-DLC was 

observed in combination with the existence of Si02 which protects the a-C:H.

Si-DLC: Ball on disk test: steel mating ball
deposited by LF PECVD ambient air w ith  40 to  50% RH
precursor IM S  

*"«<X

Hertzian Pressure 0.83 GPa
sliding speed 20 cm/s

_ _  —

Friction, p 

OHUpl

10% 15%

Silicon content [at.%]
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CL
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Figure 2.25 : Friction coefficient and hardness of Si-DLC coatings depending 

on the silicon content in the coating, according to Chouquet et al. [289]

The friction and wear of Si-DLC with silicon concentrations up to 17 at.% was 

investigated by Dohda et al. [291] using a ball-on-disk test with a steel ball and 

applying a load of 10 N together with a sliding speed of 20 cm/s in air of 30 to 

50% RH. For a-C:H and Si-DLC with 2 at.% Si a friction coefficient of 0.23 and a 

depth of the wear track of about 0.3 pm were observed and by increasing the 

Si-content to 4 at.% the friction coefficient is reduced to 0.08 without a change 

of the wear depth. Through a further increase of the silicon concentration up to 

11 at.% and 17 at.% the friction coefficient was slightly reduced to about 0.05 

whereas the wear depth increased to 0.5 pm and 1.2 pm respectively. These 

results show, for the Si-DLC increasing wear rates with increasing Si contents 

even if at the same time, the friction coefficients are stable or become reduced.
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Zhao et al. [292] discussed for Si-DLC the formation of a low shear strength 

interfacial layer through the transfer of S i02 to the wear counterpart, which 

reduces the friction coefficient, and the formation of the graphitic transfer layer 

from a-C:H by which superlow friction conditions can be achieved. In order to 

combine both effects, and to circumvent the difficulty that Si-DLC graphitizes at 

much higher temperatures compared to a-C:H, graphitic a-C:H:Si coatings were 

prepared directly by the use of special plasma conditions. Silicon doping up to a 

Si content of 8.2 at.% was achieved by magnetron sputtering of silicon at 

PECVD deposition of a-C:H, but the deposited coatings showed low 

nanohardness of 8.2 to 7.4 GPa [292].

Ultrasmooth Si-DLC coatings with silicon content of 9 to 10 at.% were prepared 

by an ion beam technique using TMS and toluene mixtures by Chen and Kato 

[293]. While the Si concentration was almost stable the hydrogen content of the 

coatings was reduced from 36.7 at.% at -250 V bias to 23.2 at.% at -1500 V 

bias and 17.3 at.% at -3500 V bias. The Raman spectra revealed for -250 V 

bias a low-disorder polymer-like type of coating that changed to diamond-like at 

-1500 V bias and finally to a high-disordering sp2 bonded a-C at -3500 V bias. 

The ball-on-disk test was performed using Si-DLC coatings on the disk and the 

steel ball in dry nitrogen atmosphere under 2 N load at 20 cm/s sliding speed. 

For Si-DLC coatings with hydrogen content below 20 at.% friction coefficients in 

the range of 0.015 to 0.05 were observed while above 20 at.% H the friction 

coefficients were below 0.008 with a minimum of 0.001 at about 32 at.% H also 

be referred as superlow friction conditions.

Most of the Si-DLC coatings in the literature survey have been produced by 

PECVD. For these coatings high hydrogen contents, relatively low hardness 

and low wear resistance have been reported compared to a-C:H. The literature 

survey for the Si-DLC shows very low friction coefficients which are almost 

stable in the humidity range of 20 to 80% RH and a high temperature stability 

up to 500°C in oxidizing atmosphere.
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3. Analytical and tribological methods for characterization of coatings

3.1 Adhesion evaluation using the scratch test

The scratch test is a quantitative method for evaluating the adhesion of 

coatings. The scratch test was applied using the CSM Revetest equipment. 

Fundamentals and details of the scratch adhesion test are found in the 

publications of Burnett and Rickerby [294] and Blau [295]. Quantitative scratch 

adhesion testing is described in the ASTM C1624 standard [296]. Additional 

information on the introduction of this standard is provided by Gonczy and 

Randall [297].

The tip of a diamond stylus is moved at constant scratch speed (scratch speed 

range 0 to 300 mm/min) and increasing normal load (loading rate range 0 to 

300 N/min) over the surface of a coated flat sample. The tip of the stylus which 

has Rockwell C geometry with 120° angles has a spherical radius of 200 pm. 

The DLC-based coatings were tested using a sliding speed of 10.48 mm/min 

and a simultaneous load increase of 5 N/s. During scratching, stress waves are 

detected by an acoustic emission sensor. The output signal of the acoustical 

sensor is recorded as a function of the load and is used for the evaluation of the 

adhesion of coatings. The load which is needed to initiate a first cracking of the 

coating material is called “critical load”, Lei, (Hertzian cracks). A further 

increase in load increases the initiated stresses and chipping and spalling of the 

coating material starts. The “critical load”, Lc2, is reached at the first 

appearance of local interfacial spallation or gross interfacial spallation of the 

coating. The first appearance of gross interfacial shell shaped spallation of the 

coating material is defined as “critical load” Lc3. The critical loads are influenced 

by various conditions such as the surface roughness, the type of layer material, 

the substrate material, the internal stress, the layer morphology etc.. Therefore 

the critical load should be compared only for the same types of coatings under 

similar contact conditions.

The use of the scratch test on real components is critical because these parts 

are mostly three-dimensional and the destructive character of testing. 

Therefore, flat highly polished test coupons are normally used for the scratch 

test.
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The scratch test has to be carried out according to the standard ASTM C1624, 

ASTM G171 [298] or DIN EN 1071-3 [299].

Typical “critical load” values, LC2, for DLC coatings on highly-polished steel 

coupons are:

10 - 20 N (weak adhesion)

20 - 40 N (good adhesion)

of above 40 N (very good adhesion)

The adhesion of a-C:H characterized by the “critical load”, LC2, obtained from 

the scratch test was discussed by Weber et al. [300] for the use of different 

interlayers.

3.2 Adhesion evaluation using the Rockwell C indentation test

The Rockwell C indentation test is a standard method for adhesion testing, 

which can be used on real components and on test coupons, that is described 

in the ISO 26443 standard [301]. The VDI guideline 3198 [302] was withdrawn 

but is still used in industry therefore this standard was selected for adhesion 

classification. After the Rockwell indentation, the adhesion of coatings is 

classified by the appearance of the indentation and the surrounding areas using 

optical microscopy. The standards define adhesion classes which are for ISO 

26443 class 0 to class 3 and for VDI 3198 HF1 to HF6.

The applied load for the Rockwell C indentor, with 120° angles and a tip with a 

spherical radius of 200 pm, is 1372.9 N. The basic conditions of the Rockwell 

test are defined in ISO 6508 standard [303].

On the deposited a-C:H-based coatings the tests were carried out using a 

hardness tester type Testor H T2 001 RB of Amsler Otto Wolpert-Werke GmbH, 

Germany. Using optical microscopy the adhesion of the coatings was classified 

according to VDI 3198 as shown in Figure 3.1. The HF classification can be 

found at Heinke et al. [304] where different adhesion tests for PVD coatings,
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including the scratch test, are compared. Vidakis et al. [305] describe the 

application of the scratch test to monolayers and multilayers using VDI 3198.

HF classification for the adhesion of coatings according to VDI 3198 [302]:

HF1 and FIF2 very good adhesion -  no or very small adhesion failures, crack 

network

HF3 and HF4 good and acceptable adhesion -  some small adhesion failures, 

crack network

HF5 and FIF6 not acceptable adhesion -  significant adhesion failures, chipping 

of coating.

crack network

0

adhesion failure, 
delamination of coating

Coated surface area

Figure 3.1 : Coating appearance and FIF classification of coating adhesion after 

a Rockwell indentation test, redrawn according to VDI 3198 [302] guideline
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3.3 Indentation hardness and reduced indentation modulus evaluation

Bhushan and Li [306] give a detailed description on the nanomechanical 

characterization of coatings, which includes the hardness evaluation by 

nanoindentation, an overview on nanoindentation apparatus, indentors and the 

analysis of indentation data. The first indentation hardness evaluation 

apparatus was presented by Martens [307] in 1898.

For the deposited a-C:H-based coatings the indentation hardness and the 

reduced elastic modulus (EIT) were determined by recording the load vs. 

displacement at linearly increasing and decreasing load using a commercial 

instrument, Fischerscope H 100 from Flelmut Fischer, Germany. PVD coatings 

require the application of small loads in the mN range. This is to prevent that 

mechanical properties of the interlayers and/or the substrate influence the 

hardness results for the coatings because of a too deep penetration of the 

indentor. For tribological PVD coatings the indentation depths are in the 100 nm 

range with the limitation that the depth of penetration should not exceed 1/10 to 

1/7 of the thickness of the tested coating.

For the evaluation of the plastic microhardness hereinafter also referred to as 

the “indentation hardness”, the instrumented indentation according to DIN EN 

ISO 14577 was used. It should be noted that more precise results can be 

achieved using the improved technique for determining hardness and elastic 

modulus of Oliver and Pharr [308] which is also known as depth-sensing 

indentation or nanoindentation.

The plastic microhardness (indentation hardness), was calculated according to 

equation (3.1):

Hpiast — Fm a x / A c ( h c )  ~ Fmax/(26.43 * h c  ) (3.1)

max

with:

Hpiast = plastic microhardness (indentation hardness)

Fmax = maximum applied load

Ac(hc) = contact area

hmax = contact depth. 'max
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A Vickers diamond indentor and a standard load of 30 mN were used for testing 

the a-C:H-based coatings. For this load the maximum penetration depth was 

usually below 400 nm. The load, F, was reduced if the indentation depth 

exceeded 10% of the layer thickness.

The reduced indentation modulus (EIT) was used which is almost identical to 

the elastic modulus (Young’s modulus), E, for a-C:H based coatings. The 

reduced indentation modulus (EIT) was calculated after determining of the 

reduced modulus (Er) using the stiffness, S, and the contact area, Ac, from the 

indentation curve as described in Figure 3.2. The reduced indentation modulus 

(EIT) is defined as E/(1-v2) where v is the Poisson’s ratio of the tested material.

creeping

with:max max

he = h -  (F /S)
max ' max '

h hhr maxc

Displacement, h  ►

Figure 3.2 : Evaluation of the reduced modulus (Er), according to Fraunhofer 

1ST

Reviews on advanced indentation testing and measurement of hardness and 

elastic modulus were presented by Fischer-Cripps [309] and Oliver and Pharr 

[310].
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3.4 Abrasive wear rate and film thickness evaluation using the ball cratering test

When using the ball cratering test, the coating thickness can be determined 

according to the DIN EN 1071-2 standard [311] and the abrasive wear 

resistance according to the DIN EN 1071-6 standard [312].

Details on the ball cratering test are discussed by Gee et al. [313] and for 

testing of plane and cylindrical DLC coated specimens by Michler and Siebert 

[314]. Taube [315] describes the testing of carbon-based coatings.

The principle of the ball cratering test is shown in Figure 3.3. 

rotating ball

DLC based coating
rotating 

drive shaft

A l20 3 suspension steel coupon

Figure 3.3 : Principle of ball cratering test to determine abrasive wear rates

Ball cratering was arranged using a Kalomax NT, equipment made by BAQ, 

with alumina suspension of a mean grain size of 1 pm as abrasive medium for 

testing the a-C:H-based coatings. A ball of a defined weight, which is rotated by 

a drive shaft, is positioned on a coated test coupon. The used ball, which is 

made of bearing steel (100Cr6), has a diameter of 30 mm. The tests were 

carried out at room temperature of about 20°C and at approximately 50% RH 

with a load of 0.54 N. After a wear duration of 3 to 9 minutes the diameter of the 

spherical wear calotte is measured using a light microscope and the wear 

volume is determined.
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The evaluation methods for the wear rate of coatings and the layer thickness 

are shown in Figure 3.4. The unit used for abrasive wear rate, wv, of coatings is 

10-15 m3/(Nm) which is equal to 10”6 mm7(Nm) required to directly compare the 

orders of magnitude with wear coefficients from the ball on disk test.

h = R - (R2-D2/4)1/2 h = penetration depth s = (R2-d2/4 )1/2- (R2-D2/4 )1/2

V = ■(h k) x (3R-h) V = abrasive wear volume s = layer thickness
(spherical calotte)

Evaluation of abrasive w ear volume

R= radius of 
wear volume . . .. ,\  rotating ball
of coating

R
DLC based coating

steel coupon x

Layer thickness evaluation

R= radius of 
wearvo ume v . .. . ,,rotating ball

R
DLC based coating 

h

steel coupon ^

Figure 3.4 : Evaluation of the abrasive wear volume and the layer thickness 

using the ball cratering test
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3.5 Friction coefficient and adhesive wear coefficient determination using ball- 

on-disk test

For the evaluation of the wear rate of coatings, in the tribology, the ball-on-disk 

testing apparatus, according to the ASTM G99-04 standard [316], is more 

commonly used compared to the ball cratering test. The ball-on-disk test, which 

is known also as pin-on-disk test, allows determining of the friction coefficient 

according to the ASTM G99-95a [317] standard and the adhesive wear rate 

according to the ASTM G99 [318] or the DIN EN 1071-13 [319] standard. The 

friction and wear of a coating deposited on the disk and the wear of the mating 

ball are influenced by a number of additional conditions e.g. the ambient 

atmosphere, the material on the surface of the wear counterpart which may 

contain a coating, a transfer layer or wear debris etc. Very similar wear 

conditions exist in the reciprocating wear test according to the DIN EN 1071 -12 

standard [320] in which a linear oscillation movement is used.

The fundamentals of the ball-on-disk test have been studied in a multilaboratory 

tribotesting programme, details of which were discussed by Czichos et al. [321, 

322].

Friction and wear results for a-C:FI and a-C:FI:W coatings achieved from ball- 

on-disk testing were presented by Taube et al. [323].

For the deposited a-C:FI-based coatings friction and wear coefficients were 

determined using a ball-on-disk test apparatus which was self-built by 

Fraunhofer 1ST, Germany. The tested coatings were deposited on highly 

polished flat steel coupons of 35 mm diameter. The testing was carried out 

without additional lubrication, also known as dry conditions, mostly in air of 

about 50% RH. For the evaluation of friction coefficients, depending on the 

relative humidity, testing was performed in air within the range of 20 to 80% RH. 

A mating ball with a diameter of 4.8 mm was used, which was normally made of 

ball-bearing steel (100Cr6) but in some cases cemented carbide (WC with 6% 

Co binder) was used. Normally a load of 3 N but in some cases 1 N was used in 

combination with a sliding velocity of 4 cm/s. The corresponding Hertzian 

pressures were estimated to be in the range of 0.3 to 0.6 GPa. Figure 3.5 

shows the schematics of the ball-on-disk test.
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Load Fn
DLC-based coating

Fr = p x Fn

rotating flat 
steel coupon

Figure 3.5 : Schematics o f the ball-on-disk test

During the ball-on-disk test, which was performed under these conditions, the 

friction coefficient, p, was determined from the measurement of the radial force, 

Fr , for a normal force, FN, according to the formula: p = FR/FN.

The friction coefficients were continuously recorded in order to evaluate the 

running-in behavior and to define the friction coefficient at steady state 

conditions. After running the ball-on-disk test, the profile of the wear scar was 

determined using a contact profilometer on the circular wear track on the disk at 

four different positions and/or by an optical microscope observing the base area 

of the spherical wear calotte on the ball.

Four cross-sectional areas, S-\, S2, S3 and S4 from the wear profiles were 

calculated. Using the radius, r, of the wear track the wear volume of the disk, 

Vdisk, was evaluated according to the formula (3.2):

Vdisk = 1/2 x u  x r (Si + S2 + S3 +S4) (3.2)

For the ball the minimum diameter of the wear scar, A, and the diameter of the 

wear scar perpendicular to the minimum diameter, B, and the diameter of the 

ball, D, were used to calculate the wear volume of the ball according to formula

From the evaluation of the wear scars the wear volumes of the disk or the ball 

were calculated considering a material transfer, should one exist.

The specific wear rates of the disk, wdjSk, and the ball, wban, were determined by 

dividing the wear volumes by the normal force (load), FN, and the sliding 

distance, L, according to the formulas (3.4):

Wdisk = Vdisk /(Fn x L) and wbaii = Vbaii /(FN x L) (3.4)

(3.3):

Vba„ = tt x A3 x B/(32D) (3.3)
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3.6 Structural evaluation using X-Ray diffraction

X-ray diffraction (XRD) is used in order to investigate the structural properties of 

crystals and powders.

X-rays of defined wavelengths which are in the order of the atomic distances of 

0.2 to 0.3 nm are used. Cu Ka radiation with a wavelength of A= 0.154 nm was 

used for structural evaluations of the a-C:H-based coatings by XRD and for the 

determination of the mass density by X-ray reflectometry (XRR).

An X'Pert MRD multipurpose instrument made by PANalytical B.V., The 

Netherlands, was used at a grazing angle incidence of 0.4° for structural 

evaluation on the a-C:H-based coatings in order to detect crystalline regions or 

an amorphous structure. The principle of the experimental setup is shown in 

Figure 3.6.

Detector

detector circle
programmable 
receiving slitslit

DLC based coating
20

slit
monochromator

U) ='

steel coupon
X-Ray
beam

Figure 3.6 : Principle of the experimental setup for X-ray diffraction (XRD) and 

X-ray reflectometry (XRR)

Diffraction of the X-rays on the atomic planes of crystalline regions or 

crystallites of the materials from the deposited coatings occurs at an angle, 0, 

for which a constructive interference exists.
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The angle, 0, for diffraction peaks can be calculated for the wavelength, A, of 

0.154 nm and the distance of lattice planes, d, of the investigated material by 

using Bragg’s equation:

n * A = 2d * sin(0) (3.5)

n= 1 , 2 , 3 .....

For an X-ray amorphous hydrogenated carbon based material the diffraction 

spectrum does not show diffraction lines.

3.7 Mass density evaluation using X-Ray reflectometry

X-ray reflectometry (XRR) was used for the evaluation of the mass density of 

coatings. The method can be also used to determine the layer thickness of thin 

coatings of up to about 200 nm and the surface or interface roughness. Details 

on the XRR method are discussed by Yasaka [324] and by Gibaud et al. [325]. 

Cu Ka radiation was used for the XRR evaluations which were carried out using 

the XPert MRD multipurpose instrument with an experimental setup as 

described for XRD (see Figure 3.6).

The density of the a-C:FI-based coatings was obtained from the critical angle, 

0C, for the incident radiation at the point when the X-rays start to penetrate the 

film.

The evaluation of the mass density for DLC-based coatings using XRR is 

described by Ferrari et al. [326]. Figure 3.7 shows an XRR spectrum for a 

carbon based coating redrawn according to Calliari et al. [327] in which the 

positions are marked from which the critical angle, 0C, and the period of 

oscillation, A0, can be taken. For the evaluation of the mass density the critical 

angle, 0C, and for determining the layer thickness the period of oscillation, A0, 

are used.
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The mass density, p, can be determined using the equations (3.6) and (3.7):

©r (2 * 5) * (3.6)

© c

5 :

and

5

critical angle 
dispersion

Na

2 tt
* r0 * X2 * Z *

A
(3.7)

p = mass density
Na = Avogadro's number 
Z= atomic number
r0 = classical electron radius
X = wavelength
A = atomic mass

evaluation of 
mass density

Carbon layer o f 38.8 nm thickness
evaluation of 
layer thickness

0.1

0.01
cc
cn
x
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>

_ro
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0.001

0.0001
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Figure 3.7 ; XRR spectrum of a 38.8 nm carbon-based layer, redrawn according 

to Calliari et al. [327]
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3.8 Secondary Ion Mass Spectroscopy (SIMS) for the analysis of the layer 

composition

Secondary Ion Mass Spectroscopy (SIMS) is a surface-sensitive microanalysis 

method with a typical information depth of <0.6 nm which allows lateral 

resolutions of <0.1 pm and minimum detectable trace concentrations of <1 

ppm. The applications and the instrumental aspects of SIMS are discussed by 

Benninghoven et al. [328]. For analyzing the surface and near surface layers 

the static SIMS method [329], for which the removal time for a monolayer can 

be less than one hour, is used.

For depth profiling, which allows observing the elemental composition of a 

coating, depending on the depth or coating thickness, the dynamic SIMS 

method is used. The quantification of the elemental composition using dynamic 

SIMS is very complex and makes it necessary to use reference samples of a 

known composition for calibration. Details on dynamic SIMS are discussed by 

McPhail and Dowsett [330].

If Ar+ ions are used in the primary beam, in a typical energy range of 1 to 30 

keV, the emission of secondary ions depends on the detected element and on a 

matrix effect which is a combined effect of all components of the analyzed 

sample spot. In order to increase the detection sensitivity 0 2+ ions and oxidation 

of the surface are used. For Cs+, as primary ions, the secondary ion yield is 

very high which increases the sensitivity for detection and a reduced matrix 

effect can be observed.

Quantitative SIMS uses relative sensitivity factors, RSF, which need to be 

defined for a specific type of primary ion for the analyzed elements. Information 

about quantitative SIMS and RSF factors for Si and diamond are given by 

Wilson [331].
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The elemental concentration of an element, E, in relation to a reference 

element, R, and the related RSF factor is calculated according to the following 

equation:

RSFe * ------
Ce

(3.8)

RSFe = relative sensitivity factor for element E 

I e  = secondary ion intensity for element E

lR = secondary ion intensity for reference element R

C e = concentration of E

C r = concentration of R

If the major or matrix element, M, is chosen as the reference element, R, the 

concentration of the element, E, can be calculated using the equation:

Cm = concentration of matrix element M 

I m  = secondary ion intensity for matrix element M

The deposited a-C:FI-based coatings were analyzed under UFIV conditions 

using a primary ion beam of Cs+ ions using a SIMS instrument Cameca ims 5f 

made by Cameca SAS, France. The SIMS system is routinely used for 

quantitative depth profiling of a-C:FI-based coatings.

Cs+ primary ions are used for the bombardment of the coating and MCs+ 

molecular secondary ions (M is the observed element) are analyzed with almost 

no matrix effect. Quantitative analysis of the composition, also of hydrogen, was 

discussed by Willich et al. [332, 333]. In [333] it was shown that hydrogen 

concentrations can be determined precisely for carbon-based materials with 

different matrix compositions like metal-containing and metal-free amorphous 

carbon.

(3.9)
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3.9 Scanning Electron Microscope (SEM)

A scanning electron microscope (SEM) Leo 1530 of LEO 

Elektronenmikroskopie GmbH Oberkochen (Germany) was used to investigate 

the morphology and topography of the coatings. To image the morphology of 

the coatings fracture cross sections were used.

Typical operation data for the practical use of the SEM were:

Acceleration voltage: 

Beam current (max.): 

Beam current (operation): 

Resolution:

Electron gun:

Aperture inside beam: 

Magnification:

Area at imaging:

(for some magnifications)

Working distance (WD):

4 Detectors:

0.5 to 30 kV 

20 nA

Currents in the pA range 

2 nm (the lateral dimension of the beam spot is 

smaller than the resolution)

Tungsten filament (field emission)

10 to 120 pm 

10x to 1000000X

10x -> 1 cm2; 10Ox —> 1 mm2; 10OOx 100 pm2 

10OOOx—»10pm2, 100000x^1 pm2, 1000000x-+ 

100nm2 

2 to 45 mm

Secondary electron detector (SE)

In-lens detector for secondary electrons captured by 

the objective lens field (provides better surface 

imaging)

Back scattered electron detector (BSE) for high- 

resolution compositional maps and for distinguishing 

different phases

Energy dispersive X-ray detector (EDX) to 

investigate the elemental composition
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3.10 Electron Probe Microanalysis (EPMA)

Electron Probe Micro Analysis (EPMA) was used for the analysis of the 

elemental composition of the coatings, with the exception of hydrogen using a 

commercial instrument, Cameca SX 100 of Cameca SAS (France).

Typical data for the operation of the EPMA instrument were;

Acceleration voltage:

Beam current:

Beam diameter:

Electron gun:

SEM magnification:

Wavelength dispersive 

spectrometers (WDS):

3 Crystals:

2 Pseudocrystals (PCs):

Detectable elements 

Detection limit:

Resolution:

Calibration:
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5 to 30 kV 

1 to 100 nA 

1 to 2 pm 

Tungsten filament 

150x to 20000x

5 spectrometers for monochromizing 

Lithium fluoride (LIF)

Pentaerythriol (PET)

Thallium acid phthalate (TAP)

PC1 and PC2

Boron and elements of higher atomic mass 

0.01 wt.%

10'5 sin theta

Using standards of defined elemental composition



4. Experimental

4.1 Ion assisted a-C:H deposition using industrial system concepts

The a-C:H-based coatings were produced by magnetron-based deposition 

under vacuum conditions by applying a combination of physical vapor 

deposition (PVD) and the plasma enhanced chemical vapor deposition 

(PECVD) method.

For the deposition of hard a-C:H-based coatings an intensive ion bombardment 

of the growing film, with ions in the 100 eV energy range, needs to be arranged 

in order to promote the generation of sp3 hybridized carbon by the subplantation 

effect. The coating of three-dimensional parts with small distances between the 

parts requires a strong plasma support in order to achieve sufficient ion 

bombardment and ion plating conditions on all surface areas where coating 

occurs.

The a-C:H-based coatings have to be prepared under industrial conditions. This 

requires the capability to coat large substrate volumes which could be arranged 

using the Plasma Booster [334, 335, 64] concept (Figure 4.2) or the Closed 

Field concept (Figure 4.1). In the original Closed Field concept of Teer [61] only 

the magnetic fields of the magnetron cathodes were used for a-C:H deposition, 

as discussed by Monaghan [336]. The closed field with additional 

electromagnetic coils, which is shown in Figure 4.1, was presented by Donohue 

et al. [337] and Flurkmans et al. [338]. For small distances the closed field 

arrangement can be operated only by using the magnetic fields of the 

magnetron cathodes but at larger distances between the cathodes the operation 

of the electromagnetic coils is necessary in order to achieve closed field 

conditions.

In both industrial deposition concepts planar magnetron cathodes with targets of 

a rectangular shape are used. In order to achieve ion plating conditions the 

magnetron cathodes are operated in an unbalanced mode in both concepts. 

Typically the weakening of the inner pole of the magnetic field array is used in 

order to achieve unbalanced magnetron conditions. In the case of the use of 

electromagnetic coils at the cathodes the operation mode of the magnetron
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cathodes can be changed from balanced operation to a strong unbalanced 

operation using the superposition of the magnetic field of the electromagnetic 

coil for which the magnetic field strength can adjusted by the coil current. If the 

inner pole of the magnetic field array of the unbalanced magnetron cathode is 

weakened, magnetic field lines from the outer pole and the electromagnetic coil 

are directed into the space in front of the magnetron cathode. For the Closed 

Field arrangement the polarities of the outer magnetic poles of neighboring 

cathodes are changed which forms a magnetic bottle around the substrates as 

shown in Figure 4.1. For the Plasma Booster, which is shown in Figure 4.2, two 

magnetron cathode arrays which have different outer magnetic polarities are 

opposing each other. In order to become more independent from the 

electromagnetic coil operation used for unbalancing of the cathodes, the 

adjustment of the confinement by the magnetic bottle is arranged by using 

additional electromagnetic coils which surround the two cathode arrays. Using 

this arrangement an almost perfect magnetic bottle can be created.

substrate-

Closed Field

Figure 4.1 : Closed field arrangement for industrial coating o f large substrate 

volumes with plasma assistance [61, 337, 338]
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table

In the previously discussed unbalanced magnetron-based arrangements the 

magnetical confinement of the plasma in front of the magnetron cathodes is 

broken up and electrons are moved towards the substrate region. This, 

combined with electron impact ionization, moves the plasma to the substrates 

which are usually loaded on rotating planets. With both industrial deposition 

arrangements structure optimized and dense a-C:H-based coatings can be 

deposited at high substrate current densities of up to several mA/cm2.

Plasma Booster
con s N

Figure 4.2 : Plasma Booster arrangement for industrial coating of large 

substrate volumes with plasma assistance [334, 335, 64]

4.2 Coating system, parts to be coated and basic process sequence

The coatings were deposited using an industrial PVD coating system Z1200 at 

the Fraunhofer Institute 1ST Braunschweig (manufacturer Systec GmbH 

Karlstadt, Germany) which is equipped with 4 large magnetron cathodes. A 

photograph of the vacuum chamber of the coating system Z1200 with 

magnetron cathodes on the opened chamber doors is shown in Figure 4.3.
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Figure 4.3 : Coating system Z1200 with opened vacuum chamber doors at 

Fraunhofer 1ST

Booster field 
coil

Cath. 1 magnetron 
cathode w ith 
electromagnetic 
coil

Cath. 4 magnetron 
cathode w ith 
electromagnetic 
coil

Booster field 
coil

open shutters

OD
Substrate table 
w ith  11 planets

DQ
closed shutters

Booster field 
coil

Cath. 2 magnetron 
cathode w ith  
electromagnetic 
coil

Cath. 3 magnetron 
cathode w ith  
electromagnetic 
coil

Booster field 
coil

Figure 4.4 : Schematic cross-sectional view of the vacuum chamber of the 

Z1200 batch coater with Plasma Booster arrangement at Fraunhofer 1ST
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The schematic cross-sectional view shows the substrate table with the 

substrates on 10 planet positions, planets of up to 150 mm diameter and about 

600 mm length can be coated. The substrate table loaded with substrates can 

be completely removed from the coating chamber using a trolley mechanism. 

Shutters are positioned in front of the magnetron cathodes which are open 

during coating operation and closed during ion etching. During ion etching the 

shutters collect the target material from the magnetron cathodes which support 

the etching procedure with plasma from the magnetron discharges using the 

Plasma Booster.

The most important hardware elements of the Z1200 are described in Table 4.1.

Coating sources and Plasma Booster
•  4 magnetron cathodes, (length 1 m x width 0.25 m)
• 4 DC power supplies for magnetron cathodes with 20 KW output
• 6 electromagnetic Booster coils
• 3 DC power supplies for Booster coils
• 4 separately operated cathode shutters 

Substrate table and electrical supply
•  substrate table of 0  800 mm (maximum load 800 kg)
• 10 substrate planets (length = 600 mm; 0  150 mm)
• DC & pulsed-DC power supply for substrates (10KW, 5 -  350 KHz)
• (first) rotation of substrate table 0.5 to 6 RPM;
• (second) rotation of planets 0 to 20 RPM;
• (third) rotation of parts on planets arranged by latch mechanisms 

Vacuum and Gases
•  2 turbomolecular pumps (nominal capacity 1000 I/s)
• 1 roots blower pump (nominal capacity 1000 m3/h)
• 1 rotary vane pump (nominal capacity 630 m3/h)
• 4 mass flow controllers for process gases (Ar, C2H2, N2, 0 2)

Automation
• 1 PLC control
• 1 visualization unit

Table 4 .1 : Most important hardware elements o f the Z1200 batch coater

Figure 4.5 shows two magnetron cathodes mounted on a chamber door of the 

Z1200 coating system.
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Figure 4.5 : Magnetron cathodes mounted on the door o f the vacuum chamber 

of the Z1200 batch coater at Fraunhofer 1ST

A mixed load of test coupons, silicon wafers, dummy parts and/or components 

was used for coating. Test coupons with 0  35 mm and a thickness of 4 mm are 

made of case-hardened (>62 HRC) 100Cr6 (SAE52100) steel and are polished 

on one plane surface (Ra= 0.013 pm ± 0.002 pm and Rz = 0.062 pm ± 0.012 

pm). These test coupons were coated then used for adhesion testing and 

evaluating the coating properties. The coupons must be coated at a 

temperature below the annealing temperature of 200°C in order to prevent a 

loss of surface hardness.

A load for coating with double rotation containing dummy pylons and one 

especially prepared pylon on which three test coupons and silicon wafers are 

mounted is shown in Figure 4.6.
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Figure 4.6 : Substrate table of the batch coater Z1200 at Fraunhofer 1ST with 

dummy pylons and one especially prepared pylon with test coupons and silicon 

wafers

The process sequence with the main steps is shown in Table 4.2.

I. Positioning of the movable substrate table loaded with uncoated substrates into 
the vacuum chamber of the coating system

II. Closing of the chamber door and evacuation down to 2x1 O'5 mbar
III. Cleaning of the substrates by ion etching using Plasma Booster support
IV. Deposition of interlayers by magnetron sputtering
V. Deposition of a-C:H-based layers by magnetron based PVD+PECVD
VI. Cooling down of substrates, venting of vacuum chamber

VII. Removing of the movable substrate table loaded with coated substrates from 
the vacuum chamber of the coating system

Table 4.2 : Process sequence with main steps
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4.3 Process data for a-C:H and Si-DLC deposition

Targets which consist of tiles are mounted on the cathodes by using clamping 

bars. The target surface is 232 mm x 898 mm and the thickness of the targets is 

18, 10 or 6 mm with the 10 and 6 mm targets being bonded on copper backing 

plates. Depending on the process type, 2 graphite targets, 1 metal target (Cr, Ti, 

Ta etc.) and one SiC/C target or alternatively one WC target which contains 6 

weight% Co as binder material are mounted on the 4 cathodes of the system. 

The SiC/C target contains a mixture of SiC and graphitic carbon which makes 

the target electrically conductive (resistivity ~ 1 Ocm) and allows using a DC 

voltage for deposition. The composition of the SiC/C target was determined by 

EPMA analysis of a coating which was deposited in pure argon atmosphere. An 

elemental composition of 39 at.% silicon and 39 at.% carbon originating from 

SiC and 22 at.% free carbon was found by the EPMA analysis of the coating 

which corresponds with the composition given in the datasheet of the target 

manufacturer.

After evacuation of the coating system to a pressure of 2x1 O'5 mbar the ion 

etching procedure using pure argon and two-fold rotation was carried out with 

the use of two to four cathodes in Plasma Booster operation in order to support 

the etching procedure with plasma from these cathodes. During etching the 

shutters of the 4 cathodes are closed in order to collect the material which is 

deposited from the targets. The basic process parameters for the etching 

procedure are shown in Table 4.3.

Process gas 
Total pressure 
Etching tim e 
Substrate voltage 
Substrate current 
Duty cycle
Substrate current density 
Magnetron cathode (2-4) 
Booster assistance

argon
2 to 15 x10-3 mbar
10 to 30 m inutes
-300 to -1000 V  pulse peak
2 to 8 A effective
30 to 100%
0.4 to 1 m A/cm 2 (on active surface) 
-500V to -750V /  10 to 30 A 
*  80%

Table 4.3 : Process data for ion etching process
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After finishing the etching process a pure metallic layer, typically chromium, with 

a thickness of 0.2 to 1 pm is deposited using pure argon as process gas and 

two-fold rotation. This layer serves to promote the adhesion of the functional top 

layer(s) by its good bonding properties to the substrate material and by 

releasing the stress which is introduced by the diamond-like functional coatings 

to the interface between the coating and substrate. The typical process data for 

the deposition of the metallic interlayer is shown in Table 4.4.

Metal target 

Process gas 
Deposition pressure 
Deposition time 
Cathode voltage 
Cathode current 
Substrate voltage 
Substrate current 
Duty cycle
Substrate current density 
Booster Assistance

Cr, Ti or Ta etc. 

argon
3 to 10 x10'3 mbar 
15 to 60 minutes 
-500 to -750 V DC 
10 to 30 A
-50 to -300 V pulse peak 
1,5 to 3 A effective 
30 to 100%
*  1 m A/cm 2
*  80%

Table 4.4 : Process data for the deposition of the metallic interlayer

In order to achieve a smooth transition from the metallic interlayer to the a-C:H- 

based layers a second interlayer is deposited onto the metallic interlayer. For 

pure a-C:H coatings a WC target is sputtered in an Ar/C2H2 gas mixture using 

an increasing acetylene mass flow with increasing deposition time. At similar 

deposition conditions, for Si-DLC and Si-DLC/a-C:H coating, a SiC/C target is 

used to produce the second interlayer. The basic process parameters for the 

deposition of the second interlayer are found in Table 4.5.
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Target

Process gases 
Deposition pressure 
Deposition time 
Cathode voltage 
Cathode current 
Substrate voltage 
Substrate current 
Duty cycle
Substrate current density 
Booster assistance

W C or Si C/C 

argon and acetylene 
3 to 10 x10'3 mbar 
1 to 3 hours 
-500 to -750 V DC 
10 to 30 A
-50 to -300 V pulse peak 
3 to 6 A effective 
30 to 100%
~ 1 mA/cm2 
*  80%

Table 4.5 : Process data for the deposition o f the second interlayer

By adjusting the acetylene mass flow, in the final part of the second interlayer, 

a-C:H:W or Si-DLC was deposited which offer perfect bonding conditions for the 

functional top layer of pure a-C:H and the Si-DLC.

In the final step of the deposition process the functional top layers of pure a-C:H 

and/or the Si-DLC are deposited in a dynamic mode again using two-fold 

rotation of the substrates. The basic parameters for these deposition processes 

are shown in Table 4.6.

Target(s)
Process gases 
Deposition pressure 
Deposition time 
Cathode voltage 
Cathode current 
Substrate voltage 
Substrate current 
Duty cycle
Substrate current density 
Booster assistance

graphite (one or two) and/or SiC/C 
argon and acetylene 
3 to 10 x10-3 mbar 
2 to 6 hours 
-500 to -750 V DC 
10 to 30 A
-200 to -400 V pulse peak 
5 to 10 A effective 
70 to 80%
1 to 2.5 mA/cm2 
*  50%

Table 4.6 : Basic process parameters for the deposition o f the functional top 

layers o f pure a-C:H and/or the Si-DLC
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5. Results and discussion

5.1 Reactive deposition using graphite, SiC/C and WC targets

For the reactive deposition of carbon-based coatings using metallic targets and 

C2H2 as reactive gas normally strong target poisoning and hysteresis effects are 

observed. In order to reduce the mass flow of C2H2, as required for the 

deposition from metal targets, pure carbon or carbide targets were used.

The hystereses of the total pressure and the cathode voltage were taken at the 

deposition of a-C:H with two graphite targets. The cathodes were operated with 

a power of 10 kW on each cathode and the mass flow of acetylene was 

increased stepwise from 0 to 400 seem followed by a stepwise decrease of the 

C2H2 flow back to 0 seem. The hystereses of the total pressure and the cathode 

voltage which are achieved by changing the mass flow of acetylene are shown 

in Figure 5.1.
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Figure 5.1 : Hystereses of one cathode voltage and the total pressure at 

reactive sputtering from two graphite targets depending on the acetylene gas 

flow (at 10 kW  power on each cathode)
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The hysteresis curves for the cathode voltage and the total pressure are very 

narrow. During sputtering of carbon from the graphite target it is expected that 

carbon of the graphite target reacts only slightly with the precursor gas.

The reduction of the cathode voltage with increasing mass flow of C2H2 can be 

explained by the increase of the total pressure.
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Figure 5.2 : Hystereses of the cathode voltage and the total pressure at reactive 

sputtering from an SiC/C target depending on the acetylene gas flow (one 

magnetron cathode operated at 10 kW  power)

For one SiC/C target small hysteresis effects for the total pressure and the 

cathode voltage are again observed as shown in Figure 5.2. Caused by the one 

cathode operation, at 10 kW power, for acetylene only a maximum mass flow of 

200 seem is needed in order to complete the hysteresis curves. From the SiC/C 

target silicon and carbon are deposited and it is expected that the SiC/C target 

reacts only slightly with the precursor gas. Again the reduction of the cathode 

voltage with increasing mass flow of C2H2 could be explained by the increase of 

the total pressure.
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Figure 5.3 : Hystereses o f the cathode voltage and the total pressure at reactive 

sputtering from an WC target depending on the acetylene gas flow (one 

magnetron cathode operated at 10 kW  power)

The hysteresis curves of the total pressure and the cathode voltage for 

sputtering of WC are shown in Figure 5.3. For WC the cathode voltage 

increases with increasing mass flow of acetylene up to 240 seem followed by a 

slight decrease with a further increase of the C2H2 flow up to 280 seem. The 

increase of the cathode voltage could be explained by the reduction of the 

“secondary” electron emission from the target due to carbon deposition on parts 

of the target surface. The voltage reduction with a further increase of the C2H2 

flow between 240 seem and 280 seem is expected to result from the change of 

the impedance of the glow discharge as the total pressure increases when 

having an almost stable target poisoning by carbon rich material on the 

magnetron target. In case of WC located on the erosion profile of the target, 

clear signs of target reactions were visible, whereas on the SiC/C target the 

erosion profile was clean. In spite of the availability of visible products of target 

reactions the hysteresis effects of the total pressure and the cathode voltage for 

the WC target were, once again, small.
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5.2 Plasma Booster effect

The Plasma Booster was operated for the deposition of a-C:H using two 

cathodes at a power of 10 kW for each cathode in an argon/acetylene 

atmosphere at a total pressure of 4 x 10'3 mbar. The effect of the coil current on 

the substrate current is shown in Figure 5.4, according to Hofmann et al. [339].

For a substrate bias voltage of -100 V, the substrate current increases from 1 A 

without powering the electromagnetic coil to 7.2 A at a coil current of 180 A. For 

coil currents of above 100 A high substrate current densities of 1.5 to 2.5 

mA/cm2 were achieved.
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Figure 5.4 : Influence of current in the electromagnetic coils on the substrate 

current using the Plasma Booster arrangement, according to Hofmann et al. 

[339]
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5.3 Layer systems and deposition rates for a-C:H and Si-DLC

For a-C:H-based coatings with high microhardness which is combined with high 

compressive stress of up to some GPa, the design of the layer system with 

specific interlayer coatings is very important in order to achieve a good 

adhesion for these coatings. In Figure 5.5 layer systems for a-C:FI:W, a-C:H:Ti, 

a-C:FI and Si-DLC are shown.

For the interlayers a layer thickness of up to some pm would be optimal in order 

to minimize the stress at the interface to the substrate. Industrially used a- 

C:H:Me coatings need only a metallic interlayer which is, in most cases, made 

of chromium or titanium, whereas for a-C:H coatings graded interlayers of WCX 

—> a-C:H:W or TiCx —► a-C:FI:Ti are additionally used. In industrial applications, 

due to economic reasons, the thickness of the interlayers is often limited to less 

than 0.5 pm.

Industrially used layer systems

a-C:H:W

Cr

substrate substrate

Cr Ti

substrate substrate

New layer concepts including the HIPIMS Technology

a-C:H:W
Cr

HIPIMS Cr

substrate

a-C:H;Ti
Ti

HIPIMS Ti 

substrate

a-C:H
a-C:H:W

Cr
HIPIMS Cr 

substrate

a-C:H
a-C:H:W

TI
HIPIMS TI 

substrate

Si-DLC layer systems

a-C:H:Si

SK»Si-DLG
Cr

substrate substrate

Figure 5.5 : Layer systems which are typically used for a-C:H:Me, a-C:H and a- 

C:H:Si (Si-DLC) as functional top layers
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In order to increase adhesion new layer concepts are implemented using the 

High Power Impulse Magnetron Sputtering (HIPIMS) technology for etching and 

to improve the interface conditions by implanting titanium or chromium. By the 

HIPIMS process high quantities of metal ions are generated. This allows the 

combining of ion etching by metal ions [340, 341, 342] and metal implantation 

which offers the opportunity for creating wider interfacial zones allowing a better 

stress release.

V^based

Metallic layer (Cr, Ti, Ta....)

Substrate

:Ŝ jb:a;Sf ati W ^ : S i;4 C> DG;: 

Metallic layer (Cr, Ti, Ta...)

Substrate

Metallic layer (Cr, Ti, Ta...)

Substrate

c

Figure 5.6 : Layer systems used fora-C:H, a-C:H:Si (Si-DLC) monolayers and 

Si-DLC/a-C:H nanolayers as functional top layers
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For the Si-DLC coatings a graded SiCx —► Si-DLC layer is used on the metallic 

interlayers of chromium or tantalum. If the Si-DLC coatings need to be used in 

an extended temperature range of up to 500 °C the Cr layer has to be replaced 

by a layer of a refractory metal. The reason for this replacement is that 

chromium starts to form silicides at temperatures above 450 °C which was 

revealed by SIMS depth profiling after making tempering tests.

In Figure 5.6 the layer systems that have been used for the evaluation of layer 

properties are shown. For the Si-DLC/a-C:H nanolayer coatings the same 

interlayers were used as for the Si-DLC monolayer.

The nanolayer coatings were deposited by the Plasma Booster arrangement 

using magnetron cathodes with graphite target(s) for a-C:H and SiC/G target(s) 

for Si-DLC deposition in gas mixtures of argon and acetylene. The nanolayers 

were achieved by the rotation of the substrate table on which the substrates 

were coated at 2-fold rotation passing the different cathode regions periodically 

[339]. The individual layer thicknesses of the nanolayers are from 2 to 6 nm at 

2-fold rotation for the process conditions used. The silicon content in the 

nanolayer coating was changed by adjusting different power ratios for the 

cathode with the SiC/C target and with the graphite target. For adjusting low Si 

contents one SiC/C target and two graphite targets were used, whereas for 

silicon concentrations of approximately 20 at.% and more only one cathode with 

a graphite target was used.

For dynamic deposition using two-fold rotation the average dynamic deposition 

rates for a-C:H, Si-DLC and Si-DLC/a-C:H nanolayer coatings, depending on 

the mass flow of acetylene, are shown in Figure 5.7. Only sputtering occurs if 

the mass flow of C2H2 is zero. Under this condition the deposition rate for SiC/C 

is about 50% higher than the deposition rate of graphite using only one cathode. 

The higher deposition rate of SiC/C is caused by the higher sputtering yield for 

SiC compared to carbon (graphite).

With increasing acetylene flow all deposition rates increase. This is caused by

PECVD deposition of hydrogenated carbon-rich material in the extended

plasma zone in front of the magnetron cathodes using the described Plasma
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Booster operation by the decomposition of acetylene in the plasma of the 

discharge. The increase of the deposition rates at increasing flow of C2H2 

results also from a good selection of target materials with high carbon content 

which show small target poisoning effects and therefore small reduction of the 

sputter deposition rates.

For the deposition processes where two cathodes were operated the deposition 

rate of hydrogenated carbon-rich material from the PECVD deposition is about 

twice as high as observed for only one cathode. This is expected to result from 

the generation of more plasma using two magnetron cathodes.
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Figure 5 .7 : Average dynamic deposition rates for deposition o f a-C:H, Si-DLC 

and Si-DLC/a-C:H nanolayer coatings using two-fold rotation depending on the 

mass flow o f acetylene for power densities at the targets o f 5 W/cm2

If three cathodes are operated simultaneously no further increase of the PECVD 

related deposition rate was found compared to the operation of two cathodes. It 

is expected that, in the case of using three cathodes, the dissociation of
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acetylene was not further increased compared to the conditions offered by the 

two cathode operation.

Under the described conditions the deposition of the coatings using acetylene 

as a reactive gas, or more precisely as a precursor, a hybrid process consisting 

of sputter deposition from the targets and of PECVD-based deposition occurs. 

The deposition of silicon for the nanolayer coatings as well as for the Si-DLC is 

arranged only by sputtering from the SiC/C target which allows depositing thin 

Si-containing layers of one to some nanometer thickness by using the two-fold 

rotation at an appropriate setting of rotation and subrotation speeds. 

State-of-the-art technique which is most frequently discussed in publications for 

the deposition of Si-DLC is a sole PECVD process with organic precursors, 

preferentially tetramethylsilane (TMS) is used. For the sole PECVD process the 

production of nanolayer coatings, which needs to change from Si-containing to 

undoped a-C:H, can be managed only very slowly and needs a change of the 

precursor gas which is linked with a large time constant. For industrial 

deposition of Si-DLC-based nanolayer coatings high deposition rates are 

needed and the time constant for the change of the precursor gas would be 

very high because of the large volume of the vacuum chamber and the limited 

pumping speed. Therefore the sole PECVD process offers unfavorable 

conditions for Si-DLC-based nanolayer deposition.
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5.4 Results achieved for a-C:H coatings

The adhesion of a-C:H coatings with a thickness of 1.5 to 2.5 pm was 

investigated on the test coupons by the Rockwell Test according to the VDI 

3198 guideline and by the scratch test according to DIN EN 1071 -3, test details 

can be found in chapter 3.2 and chapter 3.1.

From the Rockwell adhesion test, very good and good adhesion was achieved 

by reaching the classification of HF1 to HF3 from the optical evaluation of the 

Rockwell indentation.

Using the scratch test critical loads I_C2 of 25 to 40 N were achieved indicating 

good adhesion of the a-C:H coatings.

The hydrogen content of a-C:H-based material influences the tribological 

behavior of coatings significantly, as discussed previously in the literature 

survey. Therefore the conditions for hydrogen incorporation into the coating and 

the influence of the hydrogen content on various properties of a-C:H coatings 

will be discussed as follows.

The composition of coatings, including hydrogen, was analyzed by EPMA and 

SIMS using a quantitative calibration which includes hydrogen, as described in 

the chapter 3.8.

Figure 5.8 shows that the hydrogen concentration of a-C:H deposited at a 

substrate bias voltage of -200 V increases with the mass flow of acetylene as 

carbon-bearing gas. A strong increase of the hydrogen content in the a-C:H was 

observed for low C2H2 mass flows of up to 70 seem followed by a slower 

increase in the range of 70 to 200 seem. The explanation for this behavior is 

that at low acetylene flows the coating has a high capacity for binding hydrogen 

atoms that are released from the dissociation of C2H2 molecules in the plasma 

which then becomes reduced if the dangling bonds are more saturated with 

hydrogen at higher mass flows.
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Figure 5.8 : Flydrogen content o f a-C:FI coatings depending on the mass flow of 

acetylene, according to Flofmann et al. [339]

The influence of the substrate bias potential on the hydrogen concentration of 

a-C:H is shown in Figure 5.9. Using a C2H2 flow of 25 seem a high hydrogen 

content of 15 to 16 at.% is present at a substrate bias potential of -50 V which is 

reduced to 11 at.% at -200 V and further reduced to 10 at.% at the highest 

applied bias voltage of -300 V. If contoured substrates need to be coated with 

a-C:H the application of higher bias voltages of more than -300 V, which was 

often discussed in research papers, is not useful because the coatings become 

modified at the edges and the corners of the parts.

The subplantation of carbon atoms allows achieving a more diamond-like 

character of the coatings by increasing the mass density and creation of more 

sp3 hybridized C-C bondings. The subplantation is expected to be promoted as 

the bias voltages increase up to -300 V, whereas the hydrogen content in the 

coating is reduced. It was previously discussed that the incorporation of 

hydrogen, which is a light element, is expected to reduce the ridged network of 

carbon atoms and the mass density of a-C:H.
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Figure 5.9 : Hydrogen content o f a-C:H coatings depending on the substrate 

bias voltage, according to Hofmann et al. [339]

In order to characterize the coatings the mass densities of three different 

a-C:H-based coatings were evaluated by using XRR and plotted as a function of 

the hydrogen concentration as shown in Fig. 5.10. A relatively high mass 

density of 2.3 g/cm3 was achieved at the lowest hydrogen concentration of 11 

at.% in the coatings. In various publications the relationship between density 

and sp3 content was discussed. A mass density of 2.3 g/cm3 would correspond 

to a sp3 fraction of approx. 40 % if the relationship given by Fallon et al. [343] for 

filtered ion beam deposited hydrogen-free diamond-like carbon will be applied. 

The relationship of Ferrari [344] for ta-C:H would correspond to a sp3 fraction of 

approximately 55% for the mass density of 2.3 g/cm3.

An almost linear relationship for the reduction of the mass density and the 

indentation hardness depending on an increasing hydrogen content of the 

coatings can be observed in Figure 5.10. The hardness reduction can be
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explained by the reduction of the covalency [255] and the decrease of 

crosslinking in the a-C:H due to the replacement of C-C bonds by C-H bonds.

Hofmann et al. [339] found an empirical relationship between indentation 

hardness and hydrogen concentration H(GPa) = 53.17 -  1.195 x CH (CH: at.% 

hydrogen content). This relationship does not follow the empirical relationship 

for the indentation hardness and the hydrogen content H(GPa) = 44.195 -  0.93 

x CH (Ch: at.% hydrogen content) of Singha et al. [345] which was approved by 

Louro et al. [346].

Using additional data for the hardness of a-C:H from Fontaine et al. [347], Peter 

et al. [348] and Tillmann et al. [218] an increase of the hardness from 5 GPa at 

38 at.% hydrogen to about 40 GPa at 11 at.% hydrogen can be observed as 

shown in Figure 5.11.
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In Figure 5.12 it is shown that depending on the hydrogen content in the a-C:H 

a similar linear reduction is observed for the reduced indentation modulus (EIT). 

For a-C:H the EIT is almost the same as the Elastic modulus (Young’s 

modulus). In Figure 5.12 the reduced indentation modulus (EIT) is shown 

together with the mass density as reference.

Ferrari et al. [344] showed a relationship for ta-C:H which was used to estimate 

the sp3 content depending on the mass density of a-C:H. As discussed 

previously for the a-C:H with a high mass density of 2.3 g/cm3 together with a 

high indentation hardness of about 40 GPa, a high EIT of about 225 GPa and 

11 at.% hydrogen concentration, was estimated to have a high sp3 fraction of 

about 55%. Whereas for a-C:H with a low mass density of 1.9 g/cm3 together 

with an indentation hardness of 27 GPa, a EIT of about 175 GPa and 19 at.% 

hydrogen concentration, an sp3 fraction of about 30% could be expected from 

the relationship of Ferrari et al. [344].
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Figure 5.11: Hardness of a-C:H coatings depending on the hydrogen content, 

according to Hofmann et al. [339], Fontaine et al. [347], Peter et al. [348 ]  and 

Tillmann et al. [218]
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coatings depending on the hydrogen content, according to Flofmann et al. [339]

The dependency of the abrasive wear rate of a-C:H coatings on the hydrogen 

content is shown in Figure 5.13. The abrasive wear rate was determined by the 

ball cratering test, using a suspension of abrasive alumina particles of 1 pm 

diameter in glycerin. A very low wear rate of 0.6 x 10'15 m3/(Nm) was achieved 

for 11 at.% hydrogen in the a-C:H which increased to 0.9 x 10'15 m3/(Nm) as the 

hydrogen content increases to 19 at.%. A wider scattering of the abrasive wear 

rates was observed for a-C:H with hydrogen contents > 17 at.%. which 

corresponds to mass flows of acetylene > 90 seem. At these high C2H2 mass 

flows the PECVD related deposition rate was > 40 % of the total deposition rate 

and thus contributes significantly to the deposition of a-C:H. The high content of 

PECVD deposited a-C:H in the coating could be the reason for the scattering 

which was observed for the wear rates at high C2H2 mass flows.
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Figure 5.13 : Abrasive wear rate o f a-C:FI coatings depending on the hydrogen 

content, according to Flofmann et al. [339]

Low wear rates below 1 x 10~15 m3/(Nm) were only achieved by activating the 

Plasma Booster which allowed high ion current densities on the substrates of 

above 1 mA/cm2.

If the Plasma Booster was not activated by powering the electromagnetic coils, 

higher wear rates of 10 x 10'15 m3/(Nm) and 6 x 10~15 m3/(Nm) were observed for 

substrate voltages of -100 V and -300 V respectively.

In Figure 5.14 the friction coefficient of a-C:H coatings depending on the atomic 

concentration of hydrogen in the film is shown. The coatings were produced 

using two cathodes which were equipped with graphite targets at a power of 10 

kW on each cathode using a substrate bias voltage of -200 V. The friction 

coefficient was evaluated using the ball-on-disk test as described in chapter 3.5.

Substrate bias voltage -200 V
Ball cratering with 0 30mm steel ball
at 0.54 N load (Al20 3 - glycerin suspension) ■
in air of 50% RH

90 seem

■

I I I i
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Figure 5.14 : Friction coefficient o f a-C:FI coatings depending on the hydrogen 

content

A low friction coefficient of about 0.15 was observed for a-C:H with 11 to 12 

at.% hydrogen content in air of about 50% RH. The friction coefficient increased 

up to 0.19 as the hydrogen content increases to 19 at.%. Also for the friction 

coefficient a wide scattering was observed at high acetylene mass flows above 

90 seem and a high content of PECVD deposited a-C:H in the coating.

There is no simple explanation for the observed dependency of the friction 

coefficient in air, as oxidizing atmosphere, on the hydrogen content in the a-C:H 

at which carbon rich transfer layers are built-up and where its first layers are 

expected to be removed by oxidation as described by Donnet et al. [349, 233]. 

For a-C:H itself at a higher hydrogen content in the coating a better saturation of 

the dangling bonds of the a-C:H and therefore a lower friction coefficient should 

be expected. This means that the increase of the friction coefficient at a higher 

hydrogenation of the a-C:H has to result from other effects related to e.g. the
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transfer layer or the formation of the coating with higher content of PECVD- 

deposited a-C:H.

A similar frictional behavior for a-C:H was observed by Donnet and Grill [350] 

who found for a-C:H with a hydrogen content of 20 to 42 at.% an increase of the 

friction coefficient from 0.12 to 0.18 if tested in ambient air of 40 to 60% RH. 

Donnet and Grill [350] reported for the same coatings tested under ultrahigh 

vacuum (UHV) conditions that the friction coefficient was higher than 0.5 up to a 

hydrogen concentration in the a-C:H of 34 at.% and for highly hydrogenated 

a-C:H with 42 at.% hydrogen content a very low friction coefficient of 0.02 was 

observed.

Usub -300V DLC Usub -200V DLC

U s u b -1 0 0 V  DLC

Figure 5.15: Morphology of a-C:FI coatings depending on the substrate bias 

voltage, fracture cross section according to Fraunhofer 1ST data

The dependence of the a-C:H morphology on the substrate bias voltage can be 

observed in Figure 5.15. At a bias voltage of -50 V the columnar growth is 

clearly visible and on the surface domes of the columns can be observed 

clearly. A slightly columnar structure can be observed for a bias voltage of -100 

V which disappears completely if the substrate bias voltage is increased to - 

200 V. At substrate bias voltage of -200 V a dense, glassy and amorphous-like 

morphology with a slightly wavy surface topology can be observed. At a further
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increase of the substrate bias voltage to -300 V the morphology becomes even 

more compact and glassy and the surface of the coating is very smooth and 

very slight dimples can be observed.

The observed dependency of the morphology of a-C:H coatings on the 

substrate bias voltage basically follows the classical structure zone models 

(SZM) of Thornton [71] of 1974 for sputtered coatings and the SZM of Messier 

[72] of 1984 which includes the influence of ion bombardment (see chapter 

2.1.7).
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Figure 5.16 : Abrasive wear rate o f a-C:H coatings depending on the relative 

humidity RH

For a-C:H with a high hardness of 40 GPa and 11 at.% hydrogen content the 

abrasive wear rate depending on the humidity of the ambient air is shown in 

Figure 5.16 using a ball cratering time of 9 minutes.

The wear rate of 0.02 x 10'15 m3/(Nm) for a-C:H at a low humidity of 21.5 % RH 

was extremely low and increased with a higher relative humidity up to 0.9 x 

10'15 m3/(Nm) at 80 % RH.
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Further research would be needed in order to explain the effect of the very low 

wear rate in air of low relative humidity by taking into account the influence of 

the Al20 3 glycerin suspension. Glycerin is hydrophilic and has a good solubility 

in water. In ambient air with humidity of 40 to 60 % RH glycerin is hygroscopic 

which enables the storing of water possibly influencing the humidity around the 

wear contact.
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Figure 5.17: Friction coefficient of a-C:H and a-C:H:W coatings depending on 

the relative humidity (RH) in air

A challenge was to stabilize the friction coefficient of a-C:H against the influence 

of increasing humidity in order to prevent an increase of the friction coefficient at 

a higher humidity of the ambient atmosphere.

A solution to overcome the increase in friction with higher humidity is the doping 

of the a-C:H with metal. In Figure 5.17 we can see that the friction coefficient of 

a-C:H:W is almost stable within the practically used humidity range of 20-80 % 

RH.

In chapter 2.3.6 of the literature survey it is shown that depending on the sliding

conditions and the type of undoped a-C:H for the friction coefficient a strong
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increase or almost no change or even a decrease was observed with 

increasing RH.

The hard a-C:H (40 GPa) coating with low hydrogen content shows friction 

coefficients which decrease from 0.18 to 0.13 in the humidity range of 20 to 80 

% RH. The use of the 40 GPa a-C:H offers a solution for the stabilization of the 

friction coefficient against the influence of humidity.

The decrease of the friction coefficient at increasing humidity for a-C:H with a 

high hardness of 40 GPa and low hydrogen content of 11 at.% could be 

explained by the increase of the passivation of the dangling bonds by water 

molecules with increasing relative humidity.
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5.5 Results achieved for Si-DLC/a-C:H nanolayer coatings

Si-DLC/a-C:H nanolayer coatings were deposited by dynamic deposition from 

SiC/C and graphite targets as described in chapter 4.3. The hydrogen content 

of these nanolayer coatings depending on the mass flow of acetylene is shown 

in Figure 5.18. At low mass flows of acetylene a very low hydrogen content 

below 10 at.% was achieved in the coatings. In the range of C2H2 mass flows of 

0 to 60 seem the hydrogen content strongly increased because of the high 

capability of the coating to incorporate hydrogen. At acetylene mass flows 

above 60 seem the hydrogen incorporation into the coating was reduced and a 

saturation at about 16 at.% hydrogen concentration is expected, as indicated by 

the dotted trend line in Figure 5.18.
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Figure 5.18: Fiydrogen content o f Si-DLC/a-C:H nanolayer coatings depending 

on the mass flow o f acetylene

The properties of a-C:H:Si/a-C:H nanolayer coatings strongly depend on the 

silicon content as discussed by Hofmann et al. [339]. Therefore the influence of 

the silicon incorporation has been investigated.

Figure 5.19 shows the dependency of the hydrogen content of Si-DLC/a-C:H 

nanolayer coatings on the silicon concentration in the coating according to
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Hofmann et al. [339]. The data for this diagram have been taken from various 

target combinations which were used for the dynamic deposition process. It was 

found that the atomic concentration of hydrogen in the coating was reduced 

from 18 to about 7 at.% with an increase of the silicon concentration from 5 to 

25 at.%. The adjustment of the silicon concentration was arranged by the 

setting of the power for the cathode with an SiC/C target compared to the power 

at the cathode(s) with a graphite target and the PECVD based deposition from 

the dissociation of acetylene. The dissociation of acetylene is the main process 

for the generation of hydrogen and ultimately the incorporation of hydrogen into 

the coating. Therefore the coating material deposited by sputtering from the 

SiC/C target and the graphite targets, which is almost hydrogen-free, reduces 

the hydrogen content in the film. At high silicon content more hydrogen-free 

material is deposited by sputtering from the SiC/C targets compared to the 

material originating from the PECVD process which lowers the hydrogen 

content in the film.
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Figure 5.19 : Hydrogen concentration of Si-DLC/a-C:H nanolayer coatings 

depending on the silicon concentration, according to Hofmann et al. [339]
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Figure 5.20 shows that for the Si-DLC/a-C:H nanolayer coatings high hardness 

values of 20 to 30 GPa were achieved using an SiC/C target as a silicon source 

according to the data from Hofmann et al. [339]. The silicon atoms in the 

Si-DLC are arranged only in fourfold-coordinated configuration and therefore 

increase the sp3 to sp2 ratio as discussed by Wu et al. [351].
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Figure 5.20 : Indentation hardness o f Si-DLC/a-C:H nanolayer coatings

depending on the silicon concentration, according to Hofmann et al. [339]

In the case of sputtering as a source of silicon for Si-DLC, the high hardness 

can be explained by a high sp3 to sp2 ratio which is not related to sp3 

coordinated polymeric material. Racine et al. [352] expected that the addition of 

silicon to a-C:H can promote sp3 bonding by chemical means, which is not 

combined with additional compressive stress, by arranging the sp3 hybridization 

using the subplantation effect. A structure model for the Si-DLC was presented 

by Palshin et al. [353] in which silicon is surrounded by four carbon atoms. For 

the Si-DLC Laidani et al. [354] observed that the Si incorporation produces Si-C 

bondings and forms carbide-like domains in a carbon matrix. The increasing 

number of Si-C bonds with an increase in silicon content can also promote the 

hardness.
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In most cases silicon is deposited by PECVD deposition from hydrogen 

containing silicon precursors, like TMS. In this case the precursor acts as an 

additional source of hydrogen which increases the hydrogen content in the film 

to above 20 at.%. As a result of high hydrogen content of Si-DLC coatings, 

which are deposited using TMS, a low hardness of < 15 GPa, a reduction of 

stress and an improvement of the adhesion were reported for an increase in 

silicon content [355, 356, 357].

The abrasive wear rate of Si-DLC/a-C:H nanolayer coatings depending on the 

silicon concentration is shown in Figure 5.21 according to data of Hofmann et 

al. [339]. The wear rates were determined by carrying out the ball cratering test 

which is described in chapter 3.4. The wear rates of the Si-DLC/a-C:H 

nanolayer coatings increase with increasing silicon content of the coating at 

silicon concentrations above 10 at.% to 3.5 -  4.0 x 10'15 m3/(Nm) with a silicon 

content of 20 to 25 at.%. For a low silicon content of 5 to 10 at.% an almost 

constant wear rate of 1.4 to 1.6 x 10'15 m3/(Nm) was observed.

Similar dependencies were observed by Meneve [285], Gangopadhyay [225] 

and Gilmore and Hauert [286] for the adhesive wear of Si-DLC (see chapter 

2.3.6) using the ball-on-disk-test for wear testing.

In Figure 5.22 the hardness (H), the reduced indentation modulus (EIT) and the 

ratio of hardness to EIT are shown for the Si-DLC/a-C:H nanolayer coatings. 

The linear fit of EIT (almost equal to the elastic modulus, E) shows an increase 

from 170 GPa to 210 GPa as the Si content of the Si-DLC/a-C:H nanolayer 

coatings increases from 8 to 24.1 at%. Therefore the linear trend line for the 

H/EIT-ratio shows a reduction from 0.17 to 0.12 as the silicon concentration of 

the Si-DLC/a-C:H nanolayer coatings increases from 8 to 24.1 at.%.

The reduction of the H/EIT-ratio by about 30% with an increasing silicon content 

of Si-DLC should correspond to a lower wear resistance according to Leyland 

and Matthews [253] (see chapter 2.3.5). Additionally, according to Laidani et al. 

[354], the number of Si-C bonds is expected to increase with increasing silicon 

content which should be combined with the formation of carbide-like domains in 

the carbon matrix. The increasing formation of such carbide-like domains is
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expected to cause an additional reduction of the wear resistance of the 

Si-DLC/a-C:H nanolayer coatings as the silicon concentration increases. The 

increase of the wear rate could be explained if the carbide-like domains perform 

in the same way as silicon carbide, which has a significantly higher wear rate 

compared to a-C:H. For an SiC/C coating, which was prepared by non-reactive 

sputtering from an SiC/C target, a high wear rate of 9.4 x 10"15 m3/(Nm) was 

determined. The deposited SiC/C had a hardness of 27.4 GPa. Using the 

elastic modulus of 376 GPa, as taken from the material specifications of the 

SiC/C, a low H/EIT-ratio of 0.07 is calculated. At a silicon content of 39 at.% of 

the SiC/C the H/EIT-ratio of 0.07 would match the extrapolation of the linear fit 

of the H/EIT-ratio, as in Figure 5.22, and the wear rate of 9.4 x 10'15 m3/(Nm) 

would match the linear fit (for silicon contents above 15 at.%) of the wear rate, 

as in Figure 5.21.

Silicon concentration [at.%]

Figure 5.21: Abrasive wear rate o f Si-DLC/a-C:H nanolayer coatings 

depending on the silicon concentration, according to Hofmann et al. [339].

The friction coefficient of the coatings was evaluated by the ball-on-disk test 

using a case hardened 100Cr6 steel ball in air of 50% RH as described in 

chapter 3.5. In Figure 5.23 the friction coefficient of Si-DLC/a-C:H nanolayer
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coatings depending on the silicon concentration is shown. In the range of a 

silicon concentration from 5.3 to 24 at.% the friction coefficient of Si-DLC/a-C:H 

nanolayer coatings decreases from 0.15 to 0.08 respectively. For the reduction 

of the friction coefficient by doping of a-C:H with silicon the formation of S i02 

[278] and hydrated silica [279] was expected to play an important role.
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Figure 5.23 : Friction coefficient o f Si-DLC/a-C:H nano layer coatings depending 

on the silicon concentration, according to Hofmann et al. [339]
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The mass density of Si-DLC/a-C:H nanolayer coatings, which was achieved 

from XRR spectrometry, and of SiC/C depending on the Si/C ratio of atomic 

concentrations is shown in Figure 5.24. The Si/C atomic concentration ratios for 

Si-DLC/a-C:H nanolayer coatings were calculated using atomic concentrations 

from EPMA, ignoring hydrogen. The carbon concentration of 56.4 at.% and 

silicon concentrations of 39 at.% for non-reactive sputtered SiC/C coating were 

achieved from a SIMS analysis. The density of 3 g/cm3 was taken from the 

materials datasheet of SiC/C. A linear dependency of the mass density was 

observed for Si/C atomic concentration ratios of 0.12 to 0.69 within which the 

mass density increases from 2.02 to 3 g/cm3.
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Figure 5.24 : Mass density of Si-DLC/a-C:hi nanolayer coatings and SiC 

depending on the silicon to carbon atomic concentration ratios (Si/C)

The morphology of an Si-DLC/a-C:H nanolayer coating, which was produced by

dynamic deposition using two-fold rotation, with a silicon content of 22 at.% is

shown in Figure 5.25. The first interlayer of chromium was prepared by

sputtering in a pure argon atmosphere. Onto this interlayer a second graded

interlayer was deposited. This coating is started with sputtering of SiC/C in pure

argon followed by ramping into a Si-DLC coating by using an increasing mass

flow of acetylene. The Si-DLC/a-C:H nanolayer coating of about 2.5 pm layer

thickness was deposited by dynamic sputtering from one graphite and one

SiC/C target using a substrate bias voltage of -200 V and a mass flow of
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acetylene of 25 seem. For this Si-DLC/a-C:H nanolayer coating a hydrogen 

content of 7 at.%, a hardness of 26 GPa and a wear coefficient of 3.4 x 10~15 

m3/(Nm) were determined. The fracture cross section image shows a very 

smooth fracture surface with no signs of a columnar growth for the Si-DLC/a- 

C:H nanolayer coating. Both the very smooth surface of the Si-DLC/a-C:H 

nanolayer coating and the smooth fracture surface indicate a dense, glassy 

amorphous-like microstructure. On the surface of this Si-DLC/a-C:H nanolayer 

coating small dimples are visible.
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Figure 5.25: Morphology of Si-DLC/a-C:H nanolayer coating with 22 at.% 

silicon content

In Figure 5.26 the SIMS depth profile of a Si-DLC/a-C:FI nanolayer coating is 

plotted. This was produced using the same parameters as described for the 

coating which is shown in Figure 5.25. The atomic elemental compositions for 

chromium, argon, silicon, oxygen, nitrogen, carbon and hydrogen were 

quantitatively evaluated (details are discussed in chapter 3.8) and are shown as 

a function of the SIMS sputtering depth. Beginning with a sputtering depth of 0.2 

pm an almost stable composition of 7 at.% hydrogen, 22 at.% silicon and 67 

at.% carbon can be observed for the Si-DLC/a-C:FI nanolayer coating. Starting
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at a sputtering depth of 1.75 pm the silicon content increases and the carbon 

content decreases caused by the reduction of the C2H2 mass flow during the 

deposition of the second intermediate layer. They reach 39 at.% for the Si and 

56.4 at.% for carbon at about 2 pm sputtering depth at pure SiC/C deposition. 

At a higher sputtering depth the Cr of the chromium layer followed by the Si 

from the silicon wafer, which was used as substrate, are found in the SIMS 

depth profile.

Figure 5.26: SIMS depth profile of Si-DLC/a-C:H nanolayer coating with 22 

at. % silicon content deposited on silicon wafer

In Figure 5.27 the X-ray diffraction spectrum an Si-DLC/a-C:H nanolayer 

coating with 19 at.% silicon content according to Hofmann et al. [339] is shown. 

The XRD spectrum of the Si-DLC/a-C:H nanolayer coating clearly reveals the 

amorphous-like morphology of the coating. No characteristical diffraction lines 

of crystalline SiC are visible in this spectrum.

In various publications (see chapter 2.3.6) it was postulated that the Si-DLC 

should not show an increase of the friction coefficient if tested under humid 

ambient air at increasing RH. This compares to an increase of the friction 

coefficient of pure a-C:H, which was commonly reported.
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Figure 5.27: XRD spectrum of Si-DLC/a-C:H nanolayer coating with 19 at.% 

silicon content (not including hydrogen), according to Hofmann et al. [339]

It was previously shown (see Figure 5.17) that pure a-C:H with a high hardness 

of 40 GPa and a low hydrogen content of 11 at.% performed even better under 

humid conditions than a tungsten doped a-C:H for which, in the humidity range 

relevant for most of the industrial applications of a-C:H-based coatings, an 

almost stable friction coefficient was observed.

Figure 5.28 shows the dependency of the friction coefficient on the relative 

humidity of the atmosphere. The Si-DLC/a-C:FI nanolayer coating with a silicon 

content of 15 at.% and a hydrogen concentration of 12 at.% was produced by 

dynamic deposition using one graphite and one SiC/C target and two-fold 

rotation. A Si-DLC/a-C:H nanolayer coating with a layer thickness of 1.7 pm 

was deposited at a substrate bias voltage of -200 V and a mass flow of 

acetylene of 25 seem. For the Si-DLC/a-C:PI nanolayer a hardness of 26.5 GPa 

and a wear coefficient of 2.4 x 10~15 m3/(Nm) were determined.

The ball-on-disk test using a 100Cr6 steel mating ball was performed in a 

closed container. Using the ball-on-disk test in ambient air of 47% RH at 21 °C 

a friction coefficient of 0.1 was achieved.

Purging with dry nitrogen was used in order to reduce the relative humidity of 

the atmosphere in the container. When reaching a relative humidity of about
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21% the ball-on-disk test was continued in the nitrogen-air atmosphere. In this 

air/nitrogen-mixture with 21 % RH a friction coefficient of 0.092 was determined. 

In order to achieve high relative humidity in the container water vapor was 

produced by heating water therefore the temperature of the test atmosphere 

increased to 22 -  28 °C. Due to the presence of water vapor the humidity of the 

air in the container increased to 70 to 88% RH.

Under these humid air conditions a friction coefficient of 0.12 was determined. 

The friction coefficient of the Si-DLC/a-C:H nanolayer with 15 at.% silicon 

content was almost stable in the range of low and normal humidity and 

increased only slightly at high relative humidity of 70 to 88 % RH.

air plus
...........Z l c  —  —

air plus 21 °C
water vapor

amoient airdry nitrogen

air + dry N2, 21% RH air 47% RH air 70-88% RH

Figure 5.28: Friction coefficient o f Si-DLC/a-C:H nanolayer coating with 15 

at. % silicon content depending on the relative humidity
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5.6 Layer combinations combining low-wear and low-friction properties

From the wear results of Si-DLC/a-C:H nanolayer coatings, it was already 

shown that the combination of Si-DLC, for which high wear rates would have to 

be expected according to various publications, and highly wear resistant a-C:H 

allows to achieve low wear rates for the coating material. But the wear rate of 

Si-DLC/a-C:H nanolayer coatings increases strongly with increasing silicon 

content of the coatings even while the hydrogen content decreases. The 

previously discussed negative effects of the silicon doping on the wear 

resistance of the coating dominate the effect of having less hydrogen in the film 

which would, in pure a-C:H, lead to a decrease of the wear coefficient. On the 

other hand the silicon doping of the a-C:H reduces the friction coefficient in dry 

unlubricated contacts even in humid air atmosphere.

. Si-DLC/a-C:
V , low friction Nanolayer

Si-DLC/a-C:H 
low wear Nanolayer

IBs

Metallic layer (Cr, Ti, Ta ...) Metallic layer (Cr,Ti, Ta ...)

Substrate Substrate

Figure 5.29: Layer systems for Si-DLC/a-C:H nanolayer coatings in order to 

combine low-friction and low-wear properties, according to Hofmann et ai. [339]

In order to combine the low wear and low friction properties a combination of a 

low-wear Si-DLC/a-C:H nanolayer coating with a silicon concentration of less 

than 10 at.% and an Si-DLC/a-C:H nanolayer coating with a silicon 

concentration of above 13 at.% which was discussed by Hofmann et al. [339] 

can be used. The low-friction and low-wear Si-DLC/a-C:H nanolayer 

combination is shown on the left side of Figure 5.29. In this layer combination a 

Si-DLC/a-C:H nanolayer coating with low silicon concentration is deposited first 

on the Si-based interlayer followed by an Si-DLC/a-C:H nanolayer coating with 

high silicon concentration. Another solution to achieve low wear and low friction
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properties is the use of a graded Si-DLC/a-C:H nanolayer coating where the 

silicon concentration increases from less than 10 at.% to above 13 at.% with 

increasing layer thickness. The graded Si-DLC/a-C:H nanolayer coating is 

shown on the right side of Figure 5.29.

Si-DLC/a-C:H nanolayer coatings with silicon contents of 9 at.% and 19 at.% 

were prepared. Additionally, a combined Si-DLC/a-C:H nanolayer coating 

consisting of a first layer with 9 at.% Si and a second layer with 15 at.% Si on 

top was produced.

The wear results for these coatings from testing in air of about 50% RH at room 

temperature (RT) are discussed in this chapter, whereas all other properties 

and wear rates observed after tempering are presented in the following chapter. 

The wear results for the coatings obtained from the ball cratering test which was 

carried out at RT are shown in Figure 5.30.

5 -----------------------------------------------------------------------------

E

19 at% Si 9 at% Si combined layer
with 9 + 15 at.& Si

Figure 5.30 : Wear o f Si-DLC/a-C:H nanolayer coatings with high Si content of 

19 at.%, low Si content o f 9 at.% and a combined layer with 9 at.% and 15 at.% 

Si (see Figure 5.29 left)
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For the Si-DLC/a-C:H nanolayer coating with 19 at.% silicon concentration a 

high wear rate of 3.8 x 10'15 m3/(Nm) was determined. Whereas, for the Si- 

DLC/a-C: H nanolayer coating with low silicon concentration of 9 at.%, a low 

wear rate of 1.6 x 10'15 m3/(Nm) was achieved.

For the combined Si-DLC/a-C:FI nanolayer coating with 9 at.% and 15 at.% Si a 

wear rate of 2.1 x 10'15 m3/(Nm) was determined.

Due to the principle of the ball cratering test, the wear of the top layer of the 

combined Si-DLC/a-C:H nanolayer, which has a low wear resistance, is, to a 

larger extent, responsible for the wear behavior while the layer with higher wear 

resistance to a minor extent.

This means the wear rate of a combined Si-DLC/a-C:H nanolayer depends on 

the thickness ratios of the layers with low friction and low wear properties.

If a low friction nanolayer with high layer thickness is used, at a standard 

measuring time for the ball cratering test of 9 minutes, the wear rate is high but 

becomes reduced if the wear testing time gets increased.

It can be summarized that for the tested combined Si-DLC/a-C:FI nanolayer with 

almost equal individual layer thicknesses the layer with the high wear resistance 

clearly influenced the combined wear rate. This may be attributed to a 

lubricative effect of the nanolayer with low friction properties on the wear of the 

nanolayer with the high wear resistance on the point of contact.
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5.7 Properties of a-C:H and Si-DLC/a-C:H nanolayer coatings after tempering

Various authors have discussed the thermal stability of a-C:H coatings. It was 

found that the effusion of hydrogen and the graphitization of the coatings start at 

a temperature of about 400 °C [276, 358, 359]. These changes which affect the 

microstructure allow a change of the a-C:H properties to be expected. At 400 °C 

a high weight loss was observed by Vassell et al. [360] and Louro et al. [346] 

caused by the chemical reaction of a-C:H with oxygen where carbon leaves the 

coating by forming C02 and at 500 °C the coating disappears [361].

The Si-DLC coatings also showed the start of hydrogen effusion at 400 °C as 

discussed by Camargo et al. [359] but only very slight graphitization was 

observed at this temperature as reported by Michler et al. [355]. For the Si-DLC 

Yang et al. [361] found that Si-DLC was oxidized at tempering in air in the 

temperature range 400 °C to 500 °C depending on the silicon content of the 

coating.

In order to check the temperature stability of Si-DLC/a-C:H nanolayer coatings a 

step-stress test was carried out in air. As temperature for the steps 200 °C, 300 

°C, 400 °C and 500 °C, were selected using a heating duration of one hour 

followed by a waiting time of 2 hours without heating and opening of the oven 

door between temperature steps as shown in Figure 5.31. For the tempering 

tests polished high speed steel AISI M2 (HSS) coupons were used which have 

the same size and surface finish as the 100Cr6 coupons.

Si-DLC/a-C:H nanolayer coatings with silicon contents of 9 at.%, and 19 at.% 

and a combined Si-DLC/a-C:H nanolayer coating with 9 at.% and 15 at.% Si, as 

described in chapter 5.5, were used for the step-stress-test. A pure a-C:H 

coating with 40 GPa hardness and 11 at.% hydrogen content was used as 

reference in order to compare the step-stress results.

Figure 5.32 shows the indentation hardness of the a-C:FI coatings and the 

Si-DLC/a-C:H nanolayer coatings with 9 and 19 at.% depending on the atomic 

concentration of silicon after undergoing the step-stress test as described 

above. The indentation hardness of the coatings decreases from 40 ±2 GPa to 

22 ±2 GPa as the silicon concentration of these coatings increases from 0 to 19 

at.% for room temperature and after tempering at 200 °C, 300°C and 400 °C.
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Figure 5.31 : Step-stress test temperature settings for tempering o f

Si-DLC/a-C:H nanolayer coatings and a 40 GP a-C:H coating

It can be also found that after tempering at the final temperature step of 500 °C, 

the hardness of the pure a-C:H coating was significantly reduced to 10 GPa 

whereas the hardness of the Si-DLC/a-C:H nanolayer coatings increased to 

33.7 GPa at 9 at.% Si content and 29.5 GPa at 19 at.% Si concentration.
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Figure 5.32 : Indendation hardness of Si-DLC/a-C:H nanolayer coatings and a 

40 GPa a-C:H coating depending on the atomic content of silicon at room 

temperature and after step-stress testing at 200°C, 300°C, 400°C and 500°C
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The decrease of the hardness of the a-C:H coating at 500 °C can be explained 

by the beginning of graphitization of the coating whereas the increase of the 

hardness of the Si-DLC coatings could be explained by the effusion of 

hydrogen.
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Figure 5.33 : Friction coefficient o f Si-DLC/a-C:H nanolayer coatings and a 40 

GPa a-C:H coating depending on the atomic content o f silicon at room 

temperature and after step-stress testing at 200°C, 300°C, 400°C and 500°C

In Figure 5.33 the change of the friction coefficient of a-C:H coatings and 

Si-DLC/a-C:H nanolayer coatings with 9 and 19 at.% silicon is shown 

depending on the silicon concentration. For all coatings the friction coefficient is 

reduced if the Si content increases to 19 at.% for annealing temperatures from 

200 °C to 500 °C. After the annealing of the coatings up to 500 °C the friction 

coefficients of the Si-DLC coatings are almost stable at 9 at.% Si and are 

slightly reduced at 19 at.% Si content. This could be explained by an increasing 

oxidation of silicon on the surface of the coatings at 500 °C. The S i02 is 

expected to reduce the friction coefficient when it is imbedded into the a-C:F] 

matrix as discussed by Yang et al. [361]. For pure a-CFI the friction coefficient
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increases to 0.24 after heating up to 500 °C which can be explained by the 

graphitization of the coating.
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Figure 5.34 : Abrasive wear rate o f Si-DLC/a-C:FI nanolayer coatings and a 40 

GPa a-C:H coating depending on the atomic content o f silicon at room 

temperature and after step-stress testing at 200°C, 300°C, 400°C and 500°C

Figure 5.34 shows the abrasive wear rates, before and after tempering at 

temperatures of 200 °C to 500 °C, of a-C:H coatings and Si-DLC/a-C:H 

nanolayer coatings depending on the atomic concentration of silicon. The wear 

rates increase continuously from 0.8 -  0.9 x 10'15 m3/(Nm) for pure a-C:H and 

reach 3.8 -  4.7 x 10~15 m3/(Nm) for Si-DLC/a-C:H with 19 at.% Si. After heating 

the pure a-C:H at a temperature of 500 °C wear testing was not possible due to 

deterioration of the coating.

For pure a-C:H, Si-DLC/a-C:H nanolayer coatings with 9 and 19 at.% silicon 

and a combined Si-DLC/a-C:H nanolayer with 9 at.% Si and 15 at.% Si the 

indentation hardness depending on the temperature was discussed by Flofmann 

et al. [339]. The results are shown in Figure 5.35. The indentation hardness of 

the Si-DLC/a-C:FI nanolayer coatings with 9 and 19 at.% silicon are almost 

stable after heating up to a temperature of 300 °C and increase almost linearly
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in the range of 300 °C to 500°C. For the pure a-C:H the hardness is reduced at 

a temperature of 400 °C and drops to 10 GPa after tempering at 500 °C. For the 

combined Si-DLC/a-C:PI nanolayer with 9 at.% Si and 15 at.% Si a higher 

hardness compared to the nanolayers which only contain 9 at.% Si and 19 at.% 

Si can be observed. In order to find the reason for the high layer hardness of 

the combined Si-DLC/a-C:PI nanolayer additional investigations are necessary.
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Figure 5.35 : Indentation hardness o f Si-DLC/a-C:H nanolayer coatings and a 

40 GPa a-C:H coating depending on the step-stress temperature, according to 

Hofmann et al. [339]

The friction coefficients for sliding against a 100Cr6 steel mating ball for pure 

a-CiFI, for Si-DLC/a-C:H nanolayer coatings with 9 and 19 at.% silicon and for 

a combined Si-DLC/a-C:PI nanolayer with 9 at.% Si and 15 at.% Si are shown 

in Figure 5.36 according to Flofmann et al. [339]. A high friction coefficient is 

observed for pure a-C:FI after tempering at 500 °C but in the range of RT up to 

400 °C friction coefficients of 0.14 to 0.17 are found. For the Si-DLC/a-C:H 

nanolayer coating with 9 at.% silicon an almost stable friction coefficient of 0.14 

to 0.15 and for the nanolayer coating with 19 at.% silicon friction coefficients of 

0.1 to 0.13 can be observed in the range of temperatures up to 500 °C.
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A friction coefficient of 0.11 to 0.13 was determined for the combined 

Si-DLC/a-C:H nanolayer with 9 at.% Si and 15 at.% Si in the temperature range 

from RT to 300 °C. After tempering at 400 °C and 500 ° C the friction coefficient 

was reduced to 0.08 and 0.09 respectively. The low friction coefficient of the 

combined layer is almost similar to the Si-DLC/a-C:H nanolayer with a high 

silicon content of 19 at.% and is noticeably lower than the friction coefficients of 

pure a-C:H and the Si-DLC/a-C:H nanolayer with low silicon content of 9 at.%. 

Another positive effect is that after tempering at 400 °C and 500 °C the 

combined layer has a very low friction coefficient which could be beneficial if 

high local temperatures in the tribocontact exist.
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Figure 5.36: Friction coefficient o f Si-DLC/a-C:hi nanolayer coatings and a 40 

GPa a-C:H coating depending on the step-stress temperature, according to 

Hofmann et al. [339]

The abrasive wear rates of pure a-C:H, Si-DLC/a-C:H nanolayer coatings with 9 

and 19 at.% silicon and a combined Si-DLC/a-C:H nanolayer with 9 at.% Si 

and 15 at.% Si depending on the temperature are shown in Figure 5.37. For 

pure a-C:FI almost stable wear rates of 0.8 to 0.9 x 10'15 m3/(Nm) were
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determined in the temperature range from RT to 400 °C but after tempering at 

500 °C no wear testing was possible due to the deterioration of the coating. The 

wear rates of the Si-DLC/a-C:H nanolayer coatings with 9 at.% silicon and the 

combined Si-DLC/a-C:H nanolayer are almost constant and not very different 

within the temperature range from RT to 500 °C. This indicates that for the 

combined layer low wear rates were achieved as observed for coatings with low 

Si contents of less than 10 at.% and for industrially used a-C:H:Me coatings. As 

expected for the highly silicon doped Si-DLC/a-C:H nanolayer coatings with 19 

at.% silicon high wear rates of 3.8 to 4.7 x 10'15 m3/(Nm) can be observed.
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Figure 5.37: Abrasive wear rate o f Si-DLC/a-C:hi nanolayer coatings and a 40 

GPa a-C:H coating depending on the step-stress temperature

Both a low friction coefficient and a low abrasive wear rate of the combined 

layer at RT and after tempering at 200 to 500 °C show that it was possible to 

combine low friction and low wear properties with respect to applications under 

dry unlubricated conditions in an elevated temperature range.
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Figure 5.38 : XRD spectrum o f Si-DLC/a-C:H nanolayer coating with 19 at.% 

silicon content (not including hydrogen) as deposited and after annealing in air 

at 500°C, according to Hofmann et al. [339]

It was previously shown (chapter 5.5) that in Si-DLC/a-C:H nanolayer coatings 

the amorphous-like morphology of a-C:H was not changed by a silicon 

incorporation for an as deposited coating with 19 at.% silicon content. Whereas 

for a-C:H:W coatings the formation of nanocrystallites of metal carbide, which 

was surrounded with sp2-rich a-C:H, has been reported by Grischke [362], 

Fryda [363] and Bewilogua et al. [364, 365]. In order to prove that tempering at 

500 °C does not change the amorphous-like character of Si-DLC/a-C:H 

nanolayer coatings the structure was investigated by XRD spectroscopy. 

Figure 5.38 shows the XRD spectra of a Si-DLC/a-C:H nanolayer coating with 

19 at.% Si before and after tempering at 500 °C and the XRD spectrum of an a- 

C:FI:W coating with 24 at.% tungsten.

For the Si-DLC/a-C:F1 nanolayer coating the amorphous-like morphology of the 

coating remained after tempering at 500 °C which indicates that no crystalline 

SiC was formed. In contrast to this, for the a-C:H:W coating, a broadened 

diffraction peak which results from the nanocrystalline WC is visible.
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5.8 Improvement of frictional and wear behavior under lubricated conditions

Under some lubricated conditions for the Si-DLC/a-C:H nanolayer coatings high 

friction coefficients and high wear rates can be observed. For example, at low 

sliding speeds using diesel fuel as lubricant the Si-DLC/a-C:FI nanolayer 

coatings showed a high friction coefficient and a high wear rate. This is 

expected to result from insufficient wetting of the lubricant on silicon-doped 

a-C:H. For the wetting behavior the surface free energy of the coating material 

is important. In Table 5.1 the surface free energy and the contact angle for 

water are shown for selected a-C:FI-based coatings and for PTFE using own 

data and data from Grischke et al. [366]. The surface free energy for Si-DLC of 

30 to 35 mN/m is lower compared to the surface free energy of undoped a-C:H 

with 35 to 40 mN/m. This explains that wetting can become insufficient for 

silicon-doped a-C:FI in critical applications where lubricants are used.

Material/

Coating

Precursor Surface free energy 

[mN/m]

Contact angle for 

H20 [deg.]

PTFE 18.5 110

a-C:H:F C2H2+C2F4 20-30 95-100

a-C: H :Si :0 C2H2+HMDSO and 

C2H2+HMDSO+O2

20-30 95-100

a-C:H:Si

(Si-DLC)

C2H2+TMS 30-35 80-95

a-C: H :Si 

(Si-DLC)

C2H2+Si from 

SiC/C target

30-35 80-95

a-C:H C2H2 35-40 70-80

a-C:H:Me C2H2 40-50 70-60

a-C: H: N C2H2 + N2 40-120 70-40

Table 5.1 : Surface free energy and contact angles for H20  for a-C:H-based 

coatings and PTFE, using own data and data from M. Grischke et al. [366]
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Table 5.1 shows high surface free energies of 40 to 50 mN/m for metal-doped 

a-C:H (a-C:H:Me).

From the properties of the Si-DLC/a-C:H nanolayer coatings, which were 

previously discussed, it was observed that the combining of the properties of 

Si-DLC and the properties of a-C:H was possible. For example, the temperature 

stability of these layers was increased up to temperatures of 500 °C in air by the 

influence of the Si-DLC nanolayers on neighboring a-C:H nanolayers.

In order to optimize the nanolayer system with respect to the application of 

these coatings under lubrication, Hofmann [367] proposed a triple nanolayer 

system consisting of Si-DLC/a-C:H/a-C:H:Me.

Table 5.2 shows the properties of individual a-C:H-types of this triple nanolayer. 

These properties can be combined in Si-DLC/a-C:H/a-C:H:Me triple layer 

nanolayer concepts. As favorable properties of a-C:H one can see the high 

hardness and the low abrasive wear rates. For Si-DLC a very low friction 

coefficient and a high temperature stability up to 500°C is remarkable. For the 

combination of Si-DLC/a-C:H in some lubricated applications the low surface 

free energy of Si-DLC of 30-35 mN/m could create wetting problems which can 

be solved by adding a-C:H:Me with high surface free energy, high toughness 

and high electrical conductivity to the nanolayer system.

For the triple nanolayer new properties could be expected from the interaction 

of the nanolayer materials using specific optimization of the layer systems. The 

triple layer system allows combining the best properties of Si-DLC, a-C:H and 

Me-DLC within one coating for a specific application.

Using nanolayer coatings of the three different types of DLC for a given 

application the properties of nanolayer coatings can be specifically adapted. As 

basic selection criteria for the optimization of properties for triple layer 

combinations can be named the high wear resistance of the a-C:H, the low 

friction coefficient combined with a high temperature stability of the Si-DLC and 

the relatively high surface free energy of the a-C:H:Me to improve the wetting 

behavior under lubricated conditions.
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The best coating for a specific application has to be found by optimizing 

nanolayer combinations in order to achieve the best performance under the light 

of the selection criterions given above and in more detail in Table 5.2.

a-C:H Si-DLC (a-C:H:Si) Me-DLC (a-C:H:Me)

Low abrasive wear rates of 
0.5 to 1 x 10 15 m3/(Nm)

Abrasive wear rates of 
1.1 to 5 x 10‘15 m3/(Nm)

Abrasive wear rates of 
2.0 to 10 x 10'15 m3/(Nm)

High indentation hardness 
of
20 to 45 GPa

High indentation hardness 
of
20 to 30 GPa

Indentation hardness of 

15 to 20 GPa
Low friction coefficients in 
normal air
(dry unlubricated contact) 
0.15 to 0.2

Very low friction 
coefficients in normal air 
(dry unlubricated contact) 
0.06 to 0.15

Low friction coefficients in 
normal air
(dry unlubricated contact) 
0.2 to 0.3

Stable in air up to a 
temperature of about 
350 °C

Stable in air up to a 
temperature of about 
500 °C

Stable in air up to a 
temperature of about 
350 °C

Surface free energy of 
35 to 40 mN/m

Low surface free energy of 
30 to 35 mN/m

Surface free energy of 
40 to 50 mN/m

High toughness and good 
electrical conductivity

Table 5.2 : Overview of the characteristic properties of a-C:H, Si-DLC and 

a-C:H:Me coatings
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6. Conclusions and summary

The reduction of friction and wear is the main target for the application of 

a-C:H-based coatings in the automotive industry. Due to continued increasing 

specific loads on automotive components a high wear resistance of these 

coatings is demanded. A further requirement is that a-C:H-based coatings can 

be used in oxidative atmosphere at higher temperatures of up to 500 °C 

compared to about 350 °C if pure a-C:H coatings are used.

From various publications it is known that doping of a-C:H with silicon allows an 

improvement of temperature resistance and a decrease in the friction coefficient 

of the coatings. Unfortunately these improvements are combined with a 

reduction of the wear resistance. Si-DLC coatings are usually deposited by the 

PECVD method. Precursors like tetramethylsilane (TMS) which contain a high 

atomic percentage of hydrogen are widely used as a source of silicon for the Si- 

DLC. Due to the deposition of Si-DLC in highly hydrogenous process 

atmospheres a high atomic content of hydrogen is incorporated in the coating. 

Using only PECVD deposition the high hydrogen content of the coatings from 

silicon doping of a-C:H, a low hardness and a low compressive stress of the 

coatings can be explained. In order to deposit thin alternating nanolayers of 

Si-DLC and a-C:H by using the “pure” PECVD method the gas atmosphere 

needs to be changed in order to produce silicon-free and silicon-containing 

coatings. The change of the process gas atmosphere is combined with high 

time constants which are determined by the volume of the recipient and the 

pumping speed. Therefore in a production system with large recipients and 

limited pumping speeds and under the requirement of high deposition rates the 

“pure” PECVD method is not practical in order to allow the industrial deposition 

of Si-DLC/a-C:H nanolayer coatings.

In order to circumvent the problems mentioned above for the deposition of 

Si-DLC/a-C:H nanolayer coatings, the silicon for the doping of a-C:H was 

deposited by sputtering from a silicon carbide target with some additional 

graphitic carbon (SiC/C). Si-DLC/a-C:H nanolayer coatings were deposited by 

dynamic deposition using two-fold rotation with strong plasma support from the 

Plasma Booster. For this deposition process PECVD deposition of carbon from 

acetylene and by sputtering from the SiC/C and graphite target(s) were used. 

The silicon sputter deposition from the SiC/C target for the doping of the a-C:H
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is not accompanied by additional incorporation of hydrogen into the coating 

from a silicon source.

A literature survey on the basic processes for the layer deposition and 

properties of carbon-based and a-C:H-based coatings with a focus on the 

friction and wear properties of a-C:H and Si-DLC coatings was presented. This 

literature study includes information about mechanisms and models used to 

explain the friction and wear behavior of these coatings.

The layer sequence as well as the basic process conditions for a-C:H and 

Si-DLC monolayers and Si-DLC/a-C:H nanolayer coatings and the basic 

process parameter range for the deposition of such coatings are discussed.

The properties of a-C:H as part of the Si-DLC/a-C:H nanolayer coating were 

carefully studied. This included the influence on the properties depending on the 

hydrogen content of the coating.

For a-C:H a high indentation hardness of about 40 GPa, a high EIT modulus of 

225 GPa and a low abrasive wear rate of 0.6 x 10'15 m3/(Nm) were achieved for 

coatings with a low hydrogen content of 11 at.%. Tribological properties of 

Si-DLC/a-C:H nanolayer coatings were discussed depending on the silicon 

content of the coatings. For these coatings a high indentation hardness of 20 to 

30 GPa, low friction coefficients of 0.07 to 0.15 and high EIT moduli of 150 to 

225 GPa were observed. The friction coefficients and the wear rates of the 

coatings were discussed for dry and humid atmospheres. It was observed that 

with increasing silicon content the wear resistance of the nanolayer coatings 

was reduced. For high silicon concentrations of 24 at.% high wear rates up to 4 

x 10"15 m3/(Nm) with low friction coefficients of 0.07 to 0.09 were determined 

whereas for low silicon content low wear rates of around 1.5 x 10'15 m3/(Nm) 

and higher friction coefficients of 0.11 to 0.14 were achieved.

In order to combine low friction and low wear properties a combined 

Si-DLC/a-C:H nanolayer coating consisting of a first layer with 9 at.% Si and a 

second layer with 15 at.% Si on top was produced. For the combined layer a 

low wear rate of 2.1 x 10~15 m3/(Nm) and a low friction coefficient of 0.11 were 

determined.
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The a-C:H and the Si-DLC/a-C:H nanolayer coatings were tempered in a step- 

stress test at temperatures up to 500°C. The indentation hardness, the friction 

coefficient, and the abrasive wear rate was determined after each tempering 

step for coatings with 0 to 19 at.% silicon content. It was found that the 

properties of a-C:H coatings changed at 400 °C and the coating deteriorated 

after tempering at 500 °C. The Si-DLC/a-C:H nanolayer coatings showed an 

increased hardness, slight changes of the friction coefficient and an almost 

stable wear resistance in the temperature region from RT to 500 °C.

The use of Si-DLC and the Si-DLC/a-C:H nanolayer coatings can become 

critical under certain lubricated applications at which high friction coefficients at 

low sliding speeds and high wear rates were observed. It can be expected that 

these critical conditions originate from insufficient wetting of lubricants caused 

by lower free surface energy of silicon-doped a-C:H of 30 to 35 mN/m 

compared to pure a-C:H with 35 to 40 mN/m. In order to improve the wetting 

behavior and to enable further optimization of the nanolayer for a specific 

application a triple-layer system of Si-DLC/a-C:H/a-C:H:Me was discussed. In 

the triple-layer system the a-C:H:Me (Me-DLC) nanolayer component with 

surface energies of 40 to 50 mN/m can be used to improve wetting under 

lubricated conditions.

The following summarized results for the coatings show that the aims and 

objectives (see chapter 1) were achieved.

• The coating properties were discussed depending on C2H2 massflow, bias 

voltage, hydrogen and silicon concentration in the coatings.

• a-C:H: High hardness >40 GPa, low wear rates of 0.6 x 10'15 m3/(Nm) and 

low hydrogen contents <11 at.%

• Si-DLC/a-C:H nanolayer coatings: High hardness of 20 to 30 GPa, high 

temperature stability up to 500 °C.

Low friction coefficients of 0.06 to 0.11 but high abrasive wear rates of 

>2.5x1 O'15 m3/(Nm) were achieved at high silicon contents above 15 at.%.

For silicon contents <10 at.% low wear rates <1.7 x 10'15 m3/(Nm) were 

combined with higher friction coefficients of 0.12 to 0.15.
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• To combine low wear rates and low friction: A first Si-DLC/a-C:H nanolayer 

with low Si concentration followed by a second Si-DLC/a-C:H nanolayer with 

high Si concentration were deposited.

For a first layer with 9 at.% Si and a second layer with 15 at.% Si on top a 

low wear rate of 2.1 x 10'15 m3/(Nm) and a low friction coefficient of 0.11 

were determined.

It was found that the layer with high wear resistance clearly influenced the 

combined wear rate which may be attributed to a lubricative effect of the low 

friction layer.

• Wetting behavior: By the low surface free energy of Si-DLC of 30 to 35 mN/m 

the wetting behavior for some lubricated applications may deteriorate. In this 

case a further optimization of the nanolayer system is required using a triple 

nanolayer with an additional Me-DLC nanolayer.

Further work needs to be done on optimization of the thickness ratios of 

combined low wear rate and low friction Si-DLC/a-C:H nanolayers in order to 

further increase the wear resistance.

For lubricated tribological applications the Si-DLC/a-C:H/a-C:H:Me triple layer 

nanolayers have to be optimized with respect to wear resistance, friction and 

wetting. The effects of the a-C:H:Me layer on the tribological properties need to 

be further investigated.

The work on the ’’triple layer” has to be continued with the optimization of 

combining the properties of the three DLC types for the nanolayer with respect 

to typical applications of the automotive sector.

For the combination of thin nanolayers a nonlinear behavior of the nanolayer 

system could be expected to occur. In order to identify such a nonlinear 

behavior very thin nanolayers with individual layer thicknesses of 1 nm or less 

have to be deposited to allow the materials of these thin nanolayers to interact 

on an atomic scale.
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