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Chapter 1 Introduction

Carbon nitride coating is theoretically predicted to show a greater hardness than diamond, due to the possible
occurrence of a metastable compound of B-C3N, with an aﬁalogous structure to B-SisN4.  Although carbon films
show potential as a friction reducing coating for various sliding elements including micro mechanical systems,
carbon nitride coatings may prove to be good competitors for carbon coatings, due to their low friction
coefficients, better wéar resistancé, durability, and reduced internal stresses with greater hardness.

The great potential of carbon nitride coatings has yet to be reflected by their adoption by industry. There are a
number of reasons for this. Firstly, there is a need for speedy deposition rate and improvement in process
reliability to fulfill quality consistency requirements. More significant barrier to the widening of applications is
caused by a lack of knowledge of the fundamental properties and mechanisms of friction and wear of carbon
nitride coatings in tribological contacts.

In light of the above, this dissertation concentrated on studying the fundamental properties of carbon nitride
coatings, sliding against a diamond pin, from the viewpoint of low friction and low wear for their better .

application to micro-mechanical systems.



Chapter 2 Experimental Procedure

This chapter details the experimental methodology, including Ion Beam Mixing (IBM), Environmental
Scanning Electron Microscope (E-SEM), and a tribo-system in the E-SEM, as well as a description of the
specimens and the measuring methods.

The main principle of the IBM deposition process is that carbon and nitrogen atoms are transported into a
silicon substrate by ballistic processes and by radiation enhanced diffusion, to a depth related to the ion
acceleration energy. Typical deposition parameters are a sputtering Ar ion energy of 1 keV and an Ar ion current
of 100 mA. The different nitrogen incorporation parameters are an assisted N ion acceleration energy of 0.5 ~
10.0 keV and a N ion beam current density of 10 ~ 40 HA/cm?, varying in deposition rates from 0.5 to 1.5
nm/min.

The distinguishing feature of E-SEM is that the conductivity of the specimen is not required, because effective
charge neutralization resulting from a special signal collection process makes use of ambient gas molecules. By
installing a pin-on-disk type tribo-system into the chamber of E-SEM, in-situ examination of sliding process turns
to be possible free from surface charging for the non-conductive carbon nitride coatings and diamond pin.

The properties of carbon nitride coatings, from the viewpoint of surface roughness, micro-structure, mechanical
properties, and physical property are also shown in this chapter.

The surface roughness of carbon nitride coatings shows a decreasing behavior with an increase in nitrogen ion
acceleration energy varied from 0.5 to 10.0 keV, and with an increase in coating thickness from 1 to 500 nm.
The variation ranges of the arithmetic mean roughness R, and the peak-to-valley roughness R;., are measured as
0.07 -~ 0.30 nm and 1.00 - 2.37 nm, respectively.

The micro-structure of carbon nitride coatings is amorphous, but with tiny crystals.  The level of nitrogen
incorporation is about 10%. Carbon and nitrogen atoms normal to the coating surfaces distribute homogeneously.
For a higher nitrogen ion acceleration energy, more sp2 carbon bonds are found to occur.

Coating hardness increases from 9.25 to 20.00 GPa with a decrease in ion acceleration energy from 10.0 to 0.5
keV, and with an increase in coating thickness from 1 to 500 nm. Almost all test coatings have a compressive
internal stress ranging from 0.01 to 0.20 GPa.

Coating thickness has little effect on the average value of pull-off force against an AFM tip.

Chapter 3 Friction Properties of Carbon Nitride Coating in Sliding against Diamond Pin

This chapter details effects of the friction cycles, load, humidity, and the coating thickness on friction
properties.

The friction coefficient tends to stay at a constant value of 0.10 in repeated friction cycles.

The friction coefficient first decreases from 0.13 to 0.09 when normal load is less than 30 mN, then increases



from 0.10to 0.12 when normal load is greater than 200 mN.

The friction coefficient is 0.12 to 0.14, even through relative humidity was changed from 0.4% to 80%.

A maximum friction coefficient value of about 0.20 was generated for a coating thickness of 50 nm.

The real contact condition can be considered as a rigid rough diamond counter-face in contact with a smooth
deforming silicon substrate coated with a deformable carbon nitride, and the theoretical contact model of Halling
and Sherbiney were therefore applied. Measured average values of the standard deviation 6 (Rms) were about
20 nm, average radius B of the asperities for diamond pin was 250 nm, and H,/H, was about 0.3 for the ratio of
substrate to coating hardness, and friction coefficient as a function of coating thickness was calculated, to compare
modeling and empirical results. The modeling results show that a friction coefficient rising to a maximum
before falling to a steady value as coating thickness increases, which is favorably consistent with the observed
behavior. The difference between modeling and the empirical results, when coating thickness is more than 100
nm, is mainly due to the different contact condition of the theoretical contact model and the real test situation. In
the theoretical contact model, asperities on the rigid rough surface will always be in contact with the surface
coating and in some instances may even penetrate the coating to contact the substrate material. In the real test,
no contact between the asperities and the substrate can be confirmed, especially when the coating is thicker than

100 nm.

Chapter 4 Wear Properties of Carbon Nitride Coating in Single Sliding against Diamond Pin

As a special case, single sliding tests under a linearly increasing load were conducted in this chapter to
determine the critical load, in a similar way to traditional single scratch testing,

The critical contact pressure P,y for delamination of carbon nitride coatings is 1.8 ~ 1.9Y, when the coating
thickness is changed from 10 to 200 nm, where Y is defined as the yield strength of silicon of 7.0 GPa. This
Proax,c 1s about 13% ~ 18% higher than the limiting value of that for silicon. ‘

For a constant coating thickness of 100 nm, the critical contact pressure Ppax can further be increased to about
14% ~ 20% above the limiting value of that for silicon, by increzising the coating hardness from 9.3 GPa to 15.6
GPa.

Delamination of carbon nitride coatings in single sliding against diamond pin was initiated in the silicon

substrate rather than within the coating, or at the coating-substrate interface.

Chapter 5 Wear Properties and Mechanisms of Carbon Nitride Coating in Repeated Sliding against
Diamond Pin
This chapter firstly describes effects of the friction cycles and the load on the wear rate of carbon nitride

coatings, then clarifies wear mechanisms of carbon nitride coatings against diamond pin.



In the repeated sliding, a specific wear amount of about 10 mm’/Nm was observed on the wear track of the
carbon nitride coating when no wear particles were detected by the E-SEM at a magnification of 3000.

On the other hand, a specific wear amount of about 10" mm’/Nm was observed on the wear track of the carbon
nitride coating, where feather-like wear particles were generated after a certain number of friction cycles.

Wear rate change corresponds to a wear mode change.. From in-situ examination, the critical number of
friction cycles, Nc, for wear particle generation is proven to be related to a wear mode change.

In fact, the transition from “No observable wear particles” to “Feather-like wear particle generation” in the
process of repeated friction cycles, which is observed at a magnification of 3000 in the E-SEM, is due to wear
mode transition from ‘Ploughing’ to both ‘Flow wear’ and ‘Delamination wear’.

The relationship between the critical number of friction cycles, Nc, for the generation of feather-like wear

particles, and the representative plastic strain is described by the following empirical equation;

N, Ag, =0.076

This means that the observed wear is generated by the mechanism of low cycle fatigue.
The critical number of friction cycles, Nc, for observable wear particle generation generally increases with an

increase in nano-indentation hardness of the coating.

Chapter 6 Conclusions

Friction and wear properties of carbon nitride coatings in repeated sliding against a diamond pin have been
investigated experimentally, from micro-scale to nano-scale by E-SEM and AFM. To achieve this, a pin-on-disk
tribo-system was incorporated into the chamber of the E-SEM.

A friction coefficient value of around 0.1 was representative of carbon nitride coating sliding against a diamond
pin. A unique dependency of the friction coefficient on coating thickness was found, where the friction
coefficient, reaches a maximum at a certain coating thickness. Delamination of carbon nitride coatings was
occurred when the contact pressure exceeded the value of about two times the yield stress of the silicon substrate.
A specific wear amount of about 10°® mm’/Nm on the wear track of carbon nitride coating in repeated sliding was
confirmed to be due to both the surface plastic flow and surface delamination by low-cycle fatigue mechanism in
the ploughing mode. A fatigue wear equation was introduced empirically to predict the critical number of

friction cycles for wear particle generation.
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