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Abstract

Hydrogenated amorphous carbon coatings, deposited by low pressure plasma to minimize the
wear of C100 steel components, were optimized and characterized. In order to ensure good adhe-
sion of the films to the steel surface, a thin Ti interlayer was deposited, by magnetron sputtering,
before the plasma deposition. The chemical characterization of the deposits was performed by
means of RAMAN, XPS, RBS and ERDA analysis, while nanoindentation, nanoscratch and nanowear
tests allowed to estimating the tribomechanical properties of the deposits, with the aim of eva-
luating their scuff-resistance. It was found that the optimized plasma deposited hydrogenated
amorphous carbon coatings were well adherent to C100 steel and increased more than 70% its
surface hardness.
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1. Introduction

The efficiency of a diesel engine, in terms of maintenance of performance over time (e.g. its power, fuel con-
sumption and emissions) is related not only to purely engineering design, but also to the choice of appropriate
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component materials. Selection of scuff-resistant materials or appropriate surface treatments and coatings, for
example, can significantly contribute to minimize problems correlated to the operation of fuel injectors and
pumps, which are generally due to the high injection pressures, high temperatures, low lubricity and fuel conta-
mination (e.g. water or abrasives). DLC films, thanks to their excellent hardness and wear resistance, are widely
studied as protective coatings of components of fuel injectors and fuel pumps [1] [2].

The sp? to sp® carbon ratio and the hydrogen content define the type of DLC coating and, consequently, its
properties [2]. A typical DLC coating, obtained by plasma enhanced-chemical vapor deposition (PE-CVD)
technique, contains 40% - 60% of sp® carbon, 30 - 50 atomic % of hydrogen and is classified as hydrogenated
amorphous carbon (a-C:H) [3]. This kind of coating is particularly suitable for applications that require a me-
dium strength and good surface uniformity.

Due to bond distortion, a-C:H is characterized by high intrinsic stress [4] and low adhesion to many types of
substrates (e.g. polymers, metallic alloys), with limitation of its utilization for severe tribological applications,
included those involving sliding contacts not or only marginally lubricated. Different approaches have been
proposed to overcome the poor adhesion of hard DLC, e.g. the deposition of a metal or of a nanostructured
Me-C interlayer, where Me is a metal with high affinity to carbon (e.g. Ti, W or Cr), or the deposition of nano-
structured Me-C coating [5]-[8].

In this paper, for the first time, C100, a steel used in specific fields such as the building of bearings, diesel en-
gine components and deep frozen walls [9], was covered with plasma deposited a-C:H coatings. Thin interlayers
of Ti were tested to improve the adhesion of DLC on the selected substrate, according to the studies about which
this metal improves the adhesion of DLC films on other kinds of steel [10]-[12]. In this way, it should be possi-
ble to solve one of the most severe limitation of the use of the C100 steel for the production of diesel engine
components, the fact that low lubricity fuels can cause wear (both abrasion and adhesion wear) of steel fuel in-
jector component, with fuel injector tip failure and consequent overall performance degradation of the fuel in-
jector [13]. An adherent hard carbon coating ensures high abrasion resistance of tribologically stressed compo-
nents for commercial use in diesel engine or other heavy duty engine applications.

It was shown that the best adhesion strength can be increased at about 1690 N and that the plasma deposited
a-C:H coatings improved more than 70% the surface hardness of covered C100 steel samples.

A tribomechanical and chemical characterization of selected coating is also reported.

2. Materials and Methods

The experimental apparatus utilized for the deposition of a-C:H coatings (Figure 1) consists of a cylindrical low
pressure plasma reactor with an asymmetric electrode configuration (70 mm inter-electrode distance), pumped
by a turbomolecular-rotary pumping system. The pressure is measured and controlled in the 0 - 133.32 Pa range
with a baratron gauge and an automatic throttle valve. The lower stainless steel circular electrode (diameter, 190
mm), on which the substrates were positioned during the deposition, was thermally controlled, at 50°C, by
means of a circulating water and glycol mixture, while the upper electrode is a circular balanced magnetron
sputtering (MS) source (diameter, 76.2 mm) equipped with a grounded shutter. Both electrodes are powered
with 13.56 MHz radio frequency (RF) power supplies with automatic matching network units. The magnetron
source was utilized to deposit metallic interlayers between the C100 substrate and the a-C:H coating. Ti (Aja In-
ternational, Inc., purity 99.999%) was utilized as metal targets. The gas flow rate is controlled in range 1 - 200
sccm by means of mass flow controllers (MKS Instruments, Inc.) and the feed gas is admitted in the reactor
through a ring encompassing the upper electrode.

The depositions were performed on substrates made of polished bi-lapped silicon (STMicroelectronics), for
the chemical characterizations, and of C100 steel (Inac s.p.a.) with root mean square (RMS) surface roughness of 30
+ 10 nm, for tribological investigations. Both kinds of substrate were previously cleaned in ethanol and acetone.

Before the a-C:H film deposition, two consecutive sputter cleaning steps with Ar (Airliquide, 8 sccm) at 1.33
Pa for 15 min each were performed. The first step, for substrate cleaning, was performed by powering the lower
electrode with 100 W. The second step, conducted by igniting a glow discharge at 100 W between the upper
magnetron electrode and the grounded shutter plate, was carried out to clean the metal target. At the end of this
cleaning, the shutter was open and the substrates were coated with a metallic interlayer (5, 35 or 70 nm thick) by
powering the magnetron at 100 W, 1.33 Pa and Ar (8 sccm).

After the sputter deposition of the metal layer, the magnetron shutter was closed and the a-C:H deposition
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Figure 1. Scheme of the low pressure plasma reactor, with asymmetric electrode configuration, em-
ployed for cleaning and deposition processes.

started at 2.67 Pa, with Ar (3 sccm) and CH, (Airliquide, 23 sccm), by powering only the lower electrode at 40
W, corresponding to a negative bias voltage of 300 V.

The chemical characterization of deposited thin films was performed by means of RAMAN spectroscopy,
X-ray photoelectron spectroscopy (XPS), elastic recoil detection analysis (ERDA) and Rutherford backscatter-
ing spectroscopy (RBS). RAMAN characterization was performed at room temperature with a HORIBA Jobin
Yvon XploRA spectrometer, equipped with a true confocal microscopy (spatial resolution, ~1 pum). For each
sample, 20 spectra were acquired in 10 s using an excitation wavelength of 532.0 nm.

XPS analyses were conducted using a Theta Probe spectrometer (Thermo Electron Corporation), equipped
with monochromatic Al Ka X-ray source (1486.6 eV), operated at a spot size of 300 um (100 W power). Survey
(0 - 1200 eV) and high resolution (C1s and O1s regions) spectra were recorded at a pass energy of 150 and 100
eV, respectively. All spectra were acquired at a take-off angle of 37°. A flood gun was used to balance surface
charging. The Cls peak from the graphitic component, with the binding energy of 284.5 eV [14], was used as
the reference for calibration.

The surface atomic composition was also investigated with ERDA, for the quantification of H atom content,
and RBS for C and O atoms determinations. The analyses were performed using a 3 MV Tandetron accelerator
(High Voltage Engineering). A beam of He* particles at 2.25 MeV was focused on samples and two spectra
were acquired at 160° and 30° of scattering angle, respectively. A 10 um thick Al foil on ERDA detector was
used as an absorber foil to stop the scattered ions. The RBS and ERDA spectra were analyzed using the
SIMNRA program. Figure 2 shows the detection geometry employed for ERDA and RBS analyses.

Nanoindentation, nanoscratch and nanowear measurements were performed using a triboindenter T1 750
UbiTM (Hysitron) equipped with a three-plate capacitive transducer, a Berkovich indenter and an in-situ scan-
ning probe microscopy (SPM). Automated thermal-drift correction was made with an average drift rate, meas-
ured before starting each experiment. Before and after the series of experiments, the system operation was veri-
fied by performing similar force indents on the standard fused quartz sample, to check for system consistency.

XPS, RAMAN and tribomechanical measurements were repeated three times on three different samples pre-
pared under the same experimental conditions.

The error of the ERDA and RBS analyses results was estimated on the basis of the experimental repeatability
of the methods and it was assumed equal to 3%.
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Figure 2. Detection geometry for ERDA and RBS
analyses.

Finally, for the estimation of the thickness of each plasma deposited layer, a small area of the sample was
covered by a silicon mask that created a step after deposition, reflecting the film thickness. Three steps on each
specimen were used for thickness measurements, obtained by means of a KLA-Tencor AlphaStep® D-120 sur-
face profilometry system.

3. Results and Discussion
3.1. Determination of the sp3 and sp2 Content

As previously underlined, the structure and properties of DLC films are affected by the ratio of sp? to sp® bonds
of carbon atoms [3]. Due to the complexity of DLC structure, the determination of this ratio has been the subject
of many studies [15]-[20]. However, it was not found a univocal relationship between the RAMAN data and the
sp® and sp? content. For this reason, in this paper, RAMAN spectroscopy was used only for a qualitative inves-
tigation of the films.

The typical RAMAN spectrum of a a-C:H coating obtained in this work is reported in Figure 3.

The shape of the signal is compatible with the characteristic RAMAN spectrum reported in literature for DLC
coatings [16].

The sp*-to-sp? ratio can be calculated by XPS after best fitting of C1s signal performed with Avantage data
spectrum processing software (Thermo Electron Corporation), utilizing the same factors of Leung et al. [17],
Filik et al. [18] and Merel et al. [19], but with the introduction of a fourth peak relative to the carbon atoms
having two bonds with oxygen (due to residual oxygen in the reaction chamber during PE-CVD processes).

The full width at half maximum (FWHM) value of each peak component was allowed to vary between 1.0
and 1.2 eV. The C1s peak from the sp? graphitic component, with the binding energy of 284.5 eV, was used as
the reference for calibration. The binding energies of the other three peaks were fixed at: a) 285.1 + 0.1 eV for
sp3 carbon atoms, b) 286.5 + 0.1 eV for carbon atoms bounded to one oxygen atoms and c) 288.0 + 0.2 eV for
carbon atoms bounded to two oxygen atoms. The shape of all peaks was obtained setting the ratio Lorentzian/
Gaussian between 18 and 22.

The Csp® value was about 55%, which is the typical value reported for the a-C:H film deposited by means of
PE-CVD [3]. Obviously, since XPS is a surface sensitive technique, this percentage should be strictly referred to
the sample surface but, since it has been reported that for a tetrahedral amorphous carbon (ta-C) film the surface
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Figure 3. Example of RAMAN spectrum of a-C:H film, obtained at 2.67 Pa, Ar (3
sccm) and CH,4 (23 scem), 40 W (300 V, bias voltage).

layers are often slightly richer in Csp? than the bulk, we expect at least an underestimation of the XPS Csp® con-
tent [18].

3.2. RBS and ERDA Measurements

The ERDA spectrum of a-C:H films, deposited on silicon substrates, shows the intense band of hydrogen be-
tween channels 75 and 175 (Figure 4(a)). Its atomic concentration resulted to be 33% + 3%.

The RBS spectrum (Figure 4(b)) is characterized by the signals of carbon, oxygen and argon.

By the combination of the ERDA and RBS data, it results that the bulk chemical composition of the a-C:H
films is: C, 63 + 3 at%; O, 4 + 1 at%; H, 33 £ 3 at%. The concentration of Argon is lower that 0.5 at%. This re-
sult is in good agreement with the XPS atomic oxygen concentration which is 7.3 at%. In fact, if the atomic
oxygen percent of ERDA and RBS is calculated neglecting the hydrogen, as it occurs with XPS, its concentra-
tion should be 6 + 1 at%.

3.3. Interlayer Optimization

The adhesion of a-C:H on flat C100 steel samples is very poor since spontaneous delamination occurs. In order
to improve the adhesion, according to the strategies proposed by Huang et al. [20], Gerth and Wiklund [21], Pi-
schow et al. [22], a metallic interlayer of Ti was deposited on the C100 steel surface for magnetron sputtering.

The adhesion of a-C:H thin film on the steel substrates coated with Ti interlayers was evaluated with load-
controlled ramping force scratch tests. Each measurement consisted of a 10 pum scratch length for 50 se-
conds.

For untreated sample a 1000 uN load is enough to notch the surface while, for coated substrates, no evidence
of scratching can be detected till at 2000 uN.

The adhesion strength was evaluated by ramping force nanoscratch experiments with peak load of 2000 uN
(10 pm run for 50 s), performed to measure the critical load [23] (Table 1).

When a failure/delamination event occurs on the coated substrate, the data plot of the nanoscratch test shows
a distinct change in the curve profile. The normal load corresponding to this event is defined as critical load (Pc;)
[24]. The results of a typical nanoscratch experiments (Table 1), for a C100 sample coated with Ti interlayer (35
nm) and 350 nm of a-C:H thin films, are represented in Figure 5.

The lateral and normal force versus time are reported; circles highlight the failure/delamination event in the
lateral force plot and the correspondent critical load (at about 32 seconds) in the load normal force plot.
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Figure 4. Example Typical ERDA (a) and RBS (b) spectra of a-C:H films.
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Figure 5. Ramping force nanoscratch with peak load 2000 uN on C100 sample covered with 35 nm Ti interlayer and 350 nm
of a-C:H film: failure/delamination event highlight in the lateral force versus time plot.

Table 1. Adhesion strength of a-C:H coating on C100 steel with Ti interlayer. Nanoscratch
tests at peak load of 2000 pN.

Ti interlayer thickness (nm) a-C:H film thickness (nm) Adhesion strength (UN)
5 350 435+71
35 350 1690 + 50
70 350 1080 + 44
35 700 1132 £ 54
70 700 1037 £ 90

The adhesion of a-C:H film to the substrate depends on the thickness of the Ti interlayer, since the highest
adhesion strength (1690 + 50 uN) was detected for Ti interlayer 35 nm thick.

3.4. Tribomechanical Properties

Two kinds of nanoindentation measurements were performed for the nano-tribomechanical characterization of
the a-C:H coating deposited on C100 steel with the Ti interlayers: a partial unloading and a load-controlled in-
dentation test. The partial unloading experiments consist of 33 cycles (1 s loading, 1 s hold and 1 s unloading)
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with progressive increase of the load with a peak of 1000 uN. Since the purpose of these tests was to confirm
that measurements are not affected by the substrate, the indentation depth was less than 10% of the film thick-
ness [25].

Load-controlled indentation tests were performed with peak indentation load of 600 pN, in order to avoid the
effect of substrate. Nine indents, composed by 5 s loading, 2 s hold and 5 s unloading, were performed on each
sample. The results, in terms of Hardness (H) and reduced modulus (Er) are reported in Table 2.

It can be appreciated that the a-C:H deposits on C100 steel, optimized in the present study, are characterized
by the typical hardness values published for this class of deposits (~ 16 GPa) [3].

The wear resistance was evaluated by scanning wear tests, which consists of four passes of Berkovich probe
with a scan size of 5 um, tip velocity of 20 um/s at normal load of 100, 150 and 200 puN. After each wear test,
the region was imaged using a 10 um scan size (Figure 6) and the image was analyzed by means of Hysitron
TriboView software, to calculate the wear volume according to the following formula [26]:

Wear volume [um®] = wear scan size? [um?] x wear height [um]

where the wear height is obtained by the difference between the height outside and inside the wear region.

The wear test results indicate that any appreciable wear occurs on coated samples at normal loads of 100 puN
and 150 pN if compared with untreated C100 steel (wear volume of 255 x 10 2 pm® and 298 x 102 um?®, respec-
tively); while a wear volume of 124 x 107% um? is registered at 200 uN for sample characterized by the thicker
layers (70 nm Ti and 700 nm a-C:H coating).

The tribomechanical tests allow to conclude that, under the experimental conditions utilized in the present
study, the best coating on C100 steel is obtained by depositing 350 nm of a-C:H thin film over 35 nm of Ti in-
terlayer.

Table 2. Results of the load-controlled nanoindentation tests on C100 steel coated with Ti/a-C:H film.

Sample N° Ti thickness (nm) a-C:H film thickness (nm) H (GPa) Er (GPa)
0 0 0 91 1779
1 5 350 14+1 133+12
2 35 350 16+2 142 +£10
3 35 700 16+2 148 +£18
4 70 350 161 136 £12
5 70 700 15+3 128 £ 20

(wu) by

>
Q. AO
N 1)

Figure 6. Representative 10 pum 3-D in-situ scanning probe microscopy (SPM) images of the
C100 surface after the wear tests at normal load of 200 uN on sample covered with 70 nm Ti
interlayer thickness and 700 nm of a-C:H film.
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4. Conclusions

In this paper it has been shown that a hard and well adherent a-C:H thin film can be deposited by PE-CVD on
C100 steel, if a thin Ti interlayer (35 nm thick) is deposited by magnetron sputtering.

The hydrogen content, the C sp>-to-sp? ratio and the hardness values, obtained in the present work, are in line
with those reported in the literature for typical a-C:H film, deposited by PE-CVD.

The ERDA and RBS data, in agreement with the surface composition determined by XPS, show that the
chemical composition of the a-C:H films is: C, 63 + 3 at%; O, 4 + 1 at%; H, 33 + 3 at%. The amount of Ar in-
globated in the coating during the plasma deposition is lower that 0.5 at%.

The tribological properties of the a-C:H films on C100 steel are excellent, both in terms of adhesion (adhesion
strength, ~1700 pn) and hardness (16 GPa), suggesting that treated C100 steel should be a promising material
for the production, for example, of diesel engine components, the injection pump plungers, in particular. For this
application, in fact, it is necessary to have not only good surface hardness, but also excellent adhesion of the
hard coating to the steel substrate. The excellent adhesion is needed in order to prevent dethatching from the
sliding surface of oscillating elements, which may cause the formation of debris that scrape the steel causing
loss of injector performance.
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