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Abstract

Among diamond-like carbon (DLC) coatings, tetrahedral amorphous carbon (ta-C) coatings
show particularly high thermal stability and oxidation resistance due to their high sp*® content
and hydrogen-free structure. On the other hand, it is well known that high-temperature
annealing leads to degradation of the ta-C structure, resulting in a release of stress, decrease of
hardness, increase in surface roughness, and transformation of the coating nature. Although

optical observation is a powerful candidate for imaging the surface conditions of ta-C coatings,
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strong light emission due to high temperature prevents the acquisition of clear images. In this

paper, we establish a novel in situ observation method using environment scanning electron

microscopy (ESEM), which allows us to view ta-C surface defects and droplets at 650°C. A

heater embedded in the ESEM increased the temperature on ta-C coatings to 650°C at gas

pressure of 120 Pa. Using a variety of gas conditions including ambient air, dry nitrogen, or

dry oxygen, we clarified the effect of the gases on the degradation of the defects. In a dry

oxygen atmosphere, defects grew dramatically with annealing time, whereas nitrogen caused

no significant transformation to ta-C surfaces. Raman spectroscopy analysis revealed

significant structural change in one type of defect, while no noticeable Raman shift was

detected in the other type. A focused ion beam created a cross-section of an annealed defect

on the ta-C coating. Subsequently, energy dispersive X-ray spectroscopy (EDS) revealed the

characteristics of defect growth; one type of defect was associated with a droplet on the

interlayer, and the other with graphitization due to oxidization of ta-C on the droplets.
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1. Introduction

Diamond-like carbon (DLC) coatings have widespread applications as a protective coating
because of their high hardness, low friction and wear resistance, and chemical inertness [1]. In
some applications (e.g., piston rings [2] and pressing molds for glass lenses [3]), engineering
coatings are subjected to a high-temperature environment, and thus many studies have
attempted to improve the thermal stability of DLC coatings. For example, doping with other
elements (e.g., nitrogen, boron or silicon) is one possible technique because dopants change
the nature of DLC coatings, resulting in improved thermal stability as well as tribological,
mechanical and optical properties [4,5].

For DLC coatings, oxidation resistance strongly depends on the nature of the coating in
terms of hydrogen content and crystalline structure, as well as the sp’/sp? ratio [6,7].
Hydrogenated amorphous carbon (a-C:H) 1s widely used in many industrial fields due to its
ultra-low friction under some atmospheres [8], high wear resistance and high productivity. On
the other hand, from the viewpoint of thermal stability, a-C:H starts to degrade at
temperatures over 300°C due to hydrogen elimination [6,8].

a-C:H shows two types of degradation growth during the annealing process [9]. Raman
analysis clarified that the a-C:H coatings began crystallizing and graphitizing transformation
below 350°C, which was categorized as the first stage. In the second stage, at higher

temperatures, the severe environment promoted a chemical reaction between oxygen and



carbon atoms, resulting in a decrease in film mass. Kulikovsky et al. investigated the effects
of the degradation on the mechanical properties of DLC coatings [10]. The Raman spectra
results, including G peak width and position, indicated that graphitization of DLC coatings
proceeded as the annealing temperature increased.

In general, tetrahedral amorphous carbon (ta-C) coatings have better thermal stability due
to their high sp® fraction and hydrogen-free structures [7,11]. The higher the sp® fraction of
ta-C coatings, the better the thermal stability [11]. Previous research investigated the
tribological properties of ta-C coatings at elevated temperatures (from room temperature to
500°C) [12,13]. Scanning electron microscope (SEM) observation after annealing tests
showed many defects (1-10 um in size) on the ta-C surfaces, and oxidization of defects at
high temperature resulted in transformation of the nature of the coatings.

In the present paper, we clarify the defect degradation mechanism in an oxygen-containing
environment at high temperature. We use an environmental scanning electron microscope
(ESEM) with a chamber filled with dry oxygen gas to achieve in situ observation of ta-C
surfaces with defects and droplets at high temperatures. The in situ observation method using
ESEM enabled us to see ta-C surface conditions where optical observation was not possible at
high temperature due to strong light emission. By varying the gas elements (i.e., ambient air,
dry nitrogen, and dry oxygen), we were able to clarify the degradation mechanisms of defects

and droplets on ta-C coatings.



2. Experimental methods
2.1 Specimen and annealing test

In this study, ta-C coatings were deposited on Inconel 750 substrates using the arc ion
plating deposition method. In general, the high-energy arc discharge effectively ionizes
carbon atoms from a carbon target, resulting in fine, dense ta-C coatings at a certain bias
voltage. On the other hand, the arc scatters a few micrometer-sized carbon clusters, which
finally grow into droplets. Here, filter cathode vacuum arcing (FCVA) deposition process was
used to eliminate large droplets. However, even effective filtering methods are unable to
remove droplets and defects completely, and therefore a few droplets and defects were
observed as inhomogeneous surface topography [14]. We then observed the transformation of
these defects (submicrons to micrometers in size) in different gas environments at high
temperature.

The 0.7-pm thick ta-C coatings showed a hardness of 45 GPa (supplied by Nippon ITF Inc.
(Japan) as HAX-DLC). Its coating processes and tribological properties are described
elsewhere [13,15]. The hard ta-C coating had a high sp® fraction of 65%, which was
determined based on the ratio of m-bonding (related to the diamond structure) to c-bonding
(related to the graphite structure) as quantified by electron energy-loss spectroscopy (EELS).

The Inconel which was a Ni-Cr based alloy (Inconel X-750, Test materials, Japan) was



selected as a substrate because of its outstanding thermal stabilities. A chromium interlayer
having about 30 nm thickness was deposited by electron cyclotron resonance (ECR)
sputtering method (EIS-200ER Ion beam shower system, ELIONIX) with acceleration bias
voltage of 2.0 kV. After the ta-C deposition, 3 mm x 3 mm specimens were cut (see Fig. 1a)
and set on the heater embedded in the ESEM chamber (see Fig. 1b).

The schematic of ESEM and its mechanisms are described in Fig. 2. A gaseous secondary
electron detector measures electrons derived by impact ionization through environment gas
molecules. In the present research, we used acceleration voltage of 15 kV for the observation.
The ESEM enables the observation of surface conditions even at temperatures so high that
optical observation is not possible due to strong light emission. Before annealing tests, the
ESEM chamber was vacuumed to a chamber pressure of 5.0 X 10 by a rotary pump. Then the
introduced gas (i.e., ambient air, dry oxygen or dry nitrogen) increased the pressure to 120 Pa
(after this gas introducing, the gas valves was closed). After that the heater increased the
temperature of ta-C specimens from room temperature to 650°C over a period of 60 min, as
shown in Fig. 3. The 650°C temperature was then maintained for 120, 70 or 90 min for
ambient air, dry oxygen, and dry nitrogen tests, respectively. After the annealing tests, the
heater was stopped, and the temperature decreased spontaneously.

Changing the gas element during the annealing tests highlighted the effect of the gas

element on the degradation of ta-C coatings and defects at high temperature. Figure 4 is a



timing chart displaying the gas elements and temperature at each step. In the first step of the

gas-changing test, the specimen temperature was increased to 650°C by the heater in dry

oxygen at a pressure of 120 Pa. The specimen temperature was then maintained for 30 min. In

the second step, dry nitrogen gas replaced the oxygen gas, and the pressure condition of 120

Pa was held for 45 min. Finally, dry oxygen gas replaced the nitrogen gas at 120 Pa.

ESEM images and Raman analysis were used to characterize the topology and the nature of

ta-C coatings, respectively. The ESEM images were obtained at different temperatures to

reveal the surface topography and transformation. Please note that the color in ESEM or SEM

images represent the intensity of radiated electrons, rather than visible color changes in the

samples themselves. The more gaseous secondary electrons derived by impact ionization

through environment gas molecules increase, the more the involved areas in the ESEM

images become whiter. Binarizing software translated the ESEM images to binary images

consisting of white and black pixels, revealing the degradation growth at high temperature.

Raman analysis characterized the nature of ta-C coatings and defects after annealing tests.

The Raman analysis was performed using a laser wavelength of 535 nm and laser power of 1

mW, with a spot-size diameter of 1 um.

2.2 Cross-sectional observation of defects

After the annealing tests, SEM and energy dispersive X-ray spectroscopy (EDS)



observation were conducted for cross-sections of defects on ta-C coatings. To create the

cross-sections, we used a focused ion beam (FIB). The first step of the FIB process involved

depositing a tungsten layer on the defects for protection (see Fig. 5). The protective layer was

deposited by FIB-CVD, and covered the entire defect area to maintain the structures. For the

second step, the FIB removed half of the defects, and in the third step, FE-SEM and EDS

observations of the cross-sections were conducted to characterize the distribution of elements

in the defects. For the observations, the stage was set at an oblique angle of 80 degrees.

3. Experimental results

3.1 In situ observation of defects at high temperature in various gas environments

Figure 6 shows the ESEM images of a ta-C surface before and after annealing in the

ambient atmosphere (gas pressure of 120 Pa). After 120-min annealing, defect growths were

clearly visible as expanding white circular areas. Sequential images revealed that there were

two types of defect growth. The yellow and red circles in Fig. 6 enclose the different types of

defect, which we define as type-1 and type-2, respectively.

Yellow circles (type-1 defects) indicate initially white points whose tone became brighter

after annealing. The initially black defect area around white points turned white after 30-min

annealing, and the size increased with annealing time. However, the brightest points at the

center of the defect remained exactly the same size.



In contrast, the red circles (type-2 defects) enclose initially dark spots whose tone

drastically changed to white after 30-min annealing. The white area expanded noticeably and

the color brightened with increased annealing time, although the amount of expansion was

less than that of type-1 defects. Interestingly, a comparable dark spot existed at the center of

type-2 defects (see Fig. 6b-d).

The size of the degradation area on observed surfaces was calculated using binarized

ESEM images. Figure 7 shows the evolution of the degradation area ratio in air, dry oxygen,

and dry nitrogen atmosphere. In dry nitrogen, expansion of the degradation area was

undetectable; in air and dry oxygen, the area increased with annealing time. Interestingly, both

curves increased exponentially for at least 90 min of annealing. Collectively, the annealing

test results confirm that oxygen gas strongly affects the degradation of defects on ta-C

coatings.

We next conducted a gas-changing annealing test to clarify whether oxygen merely triggers

the degradation or is actually required for the degradation to proceed. Figure 8 shows the

evolution of the defect area at 650°C in a dry oxygen or nitrogen gas environment. In the first

step with dry oxygen, the defect area increased with annealing time. Expansion of the defect

area ceased, however, after dry nitrogen gas replaced the chamber gas. When dry oxygen gas

was again introduced into the ESEM chamber, degradation began again. These results clearly

reveal the effect of oxygen gas on degradation of ta-C, indicating that the chemical reaction
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between reactive gas and carbonaceous defects (e.g., droplets) is the primary reason for defect

growth.

3.2 Cross-sectional observation of defects

Raman analysis characterized the nature of defects before and after annealing with/without
defects. For as-deposited ta-C areas without any defects, the /p/I; ratio and G peak position
were 0.17 and 1559 cm’!, respectively. These values were in good accord with previous
research using a similar laser wavelength [16].

Other Raman curves (i.e., normal area, type-1 defect and type-2 defect) was measured from
the tested sample of 120-min annealing in ambient air. The D peak for the type-1 defect
increased slightly after annealing, whereas there was no significant change in the curve. In
contrast, the D peak for the type-2 defect increased drastically (see Fig. 9). Because ta-C
coatings generally have high thermal stability due to their high sp® fraction, the nature of the
type-1 defect was suggested to be similar in structure to normal ta-C. On the other hand, many
studies using Raman analysis for DLC coatings have shown that an increase in the D peak
results in a higher Ip/Ig ratio, corresponding to an increase of sp” structures and clustering of
graphite-like structures [13,16]. In the present study, the Raman spectrum change in type-2
defect areas after annealing seems to indicate transformation of the atomic nature of the

defect.
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FE-SEM and EDS observations of FIB-cut specimens revealed topological changes and

element distribution in both types of defect. Figure 10 shows the cross-section image and

element distribution of the type-1 defect. The tungsten layer covering the defect prevented

unnecessary damage from the FIB process. In the FE-SEM image, the tungsten layer appears

almost white, due to its high atomic weight. Interestingly, the image shows the defect as a

dome-like structure with a chromium core at the center (see the EDS elemental map for

chromium in Fig. 10). The EDS mapping clarified that the dome consisted of carbonaceous

structures.

FE-SEM observations for the type-2 defect showed a different topography than the type-1

defect. There was no dome structure on the surface (see Fig. 11). The EDS mapping showed

that spread chromium existed between the tungsten layer and the substrate, and no

carbonaceous structure existed in the area. These results suggested that a thin ta-C layer

remained, because the Raman analysis in Fig. 9 indicated the existence of ta-C coating or a

transformed carbonaceous structure.

4. Mechanism of defect growth at high temperature in oxygen gas environment

In this section, we discuss the growth mechanism of the type-1 defect first. A series of

experiments consisting of annealing tests in the ESEM, Raman, FE-SEM and EDS analysis

revealed the characteristics of the type-1 defect. These included the expansion of degradation
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area with annealing time, the thermal stability indicated by the Raman analysis, and the

existence of the chromium core and carbonaceous dome. More important was the finding that

oxygen starts and accelerates the degradation. Together, these results showed that oxidation

plays an important role at the interface between a ta-C coating and interlayer.

Oxidization of defects can occur at the interface between a chromium interlayer and a ta-C

coating due to increased chemical reactivity with temperature. Previous studies revealed the

high reactivity of the surface structure compared to bulk material [11]. Oxygen can enter the

interface through atomic gaps created by the non-uniformity in ta-C coatings due to chromium

droplets. Subsequently, the chemical reaction results in poor adhesion between the ta-C and

chromium interlayer, and finally tiny delaminations and occur. The delamination exposes a

new interface because of the high internal stress in ta-C coatings [17], resulting in expansion

of the degradation area. Because the delaminations could occur in nano/atomic scale, even the

FE-SEM observations (see Fig. 10 and Fig. 11) was not able to find clear images. On the other

hand, atomic force microscopy (AFM) images displayed that some dome-shaped defects had a

hole on the center of them (see Fig. 12). This kind of cracks/delaminations should be the

trigger of above-mentioned defect growth mechanisms.

From the viewpoint of surface topography, the dome shape defects show good agreement

with previous research results that found increased surface roughness on a-C coatings with

temperature [9]. The dome-shaped ta-C with the chromium core observed in this study and its
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expansion are the likely origin of the increase in surface roughness, the mechanism of which
has been unclear due to the lack of micro/sub-micron-order observations for defects with
SEM.

Thermal expansion mismatch between the ta-C coating and the interlayer is another
possible cause of ta-C delamination. However, the annealing test results in dry nitrogen
clarified that thermal expansion mismatch was not able to start the degradation. Moreover, the
gas-changing test demonstrated that thermal expansion mismatch could not accelerate the
degradation. We cannot conclude here that thermal expansion mismatch plays no role in ta-C
delamination, because annealing usually increases both thermal expansion mismatch and
chemical reactivity. However, the increase in mismatch and increase in chemical reactivity
happen simultaneously in real engineering components, and thus the present work provides
important insights despite its limitations.

In the case of the type-2 defect, oxygen also plays an important role in the defect
degradation. There is a very large body of research demonstrating that DLC coatings with
high sp® fraction prevent structural transformation (e.g., graphitization and oxidization)
[18,19]. Some defects (i.e., high sp? fraction areas and droplets mainly composed of sp’
structures [3]) readily react chemically with oxygen, resulting in changes in the nature of the
defects that can be observed in the Raman spectrum (see Fig. 9). Reacted atoms in the

droplets can evaporate as carbon oxide or carbon dioxide, resulting in reduced coating
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thickness. Figure 10 and 11 reveals that the thickness of 120-min annealed ta-C coating was
about 0.17 um. Consequently, the etching rate of the ta-C coating was calculated to be 4
nm/min under 650°C annealing in oxygen. Because the evaporation should also occur inside
of the dome-shape defect, the reduction promotes the cracks/delaminations growth in the
type-1 defect. Figure 11 showed that the spread chromium covered the substrate. The distorted
topology could prevent coating uniformity, resulting in unstable carbonaceous structures,
larger surface area and discontinuous internal stress. The unstable coating could change its
structure easily and show higher etching rate, resulting in very thin remained coating detected
by the Raman analysis.

Although ta-C coatings are relatively thermally stable, the presence of defects can limit the
operating temperature or environment. FCVA coating methods remove droplets nicely
compared to other PVD methods, although even FCVA is not able to filter all droplets and
remove defects completely [14]. Furthermore, interlayer droplets can cause a poor coating
quality because of a reduction in adhesion, non-uniformity of coatings and discontinuous
stress distributions. Many studies have clarified the thermal stability of DLC coatings,
especially that of ta-C, and quite a few have focused on the poor thermal stability of defects
and droplets on ta-C coatings [13]. The present results indicate that non-uniformity of
coatings results from carbonaceous droplets, interlayer droplets, and sp? distribution,

triggering degradation of ta-C coatings. Figure 13 is a FE-SEM image showing droplets
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before an annealing test. The appearance can be the type-2 defect, and displays the

non-uniformity above discussed, resulting in a poor coating quality. Furthermore, the

carbonaceous coatings on the defect react easily due to larger surface area which can

accelerates an etching speed. Consequently, the thin coating remained, resulting in the Raman

analysis, FE-SEM and EDS observations (see Fig. 8 and Fig. 11).

Comparing the present research results to previous reported results [13], we can estimate

the effect of a gas pressure on a degradation speed. In the present research work, the grown

defect size annealed in ambient air with temperature of 500°C for 50 minutes was around 7.5

um. In spite of the longer annealing time (120 minutes) in the present research, the maximum

defect size was approximately 7.2 um. The difference of gas pressure (120 Pa in the present

research, and atmospheric pressure in the referred research) can affect the degradation speed.

Higher gas pressure should increase the amount of oxygen molecules involving degradation

reaction, and then the reaction speed can accelerate. The relation between gas pressure

(amount of oxygen molecules) and degradation speed is an important future work.

Conclusions

This study revealed the degradation mechanisms of defects on ta-C coatings at high

temperature using a novel in situ observation method with ESEM. The clear images obtained

with ESEM showed the growth of defects at a high temperature of 650°C, a condition under
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which optical observation is not possible due to strong light emission.

Systematic experiments revealed the important role of oxygen in ta-C degradation. In

contrast, we also clarified that nitrogen gas, which is a common inert gas, was unable to start

the degradation of ta-C coatings. Moreover, the gas-changing test showed that the absence of

oxygen stopped the degradation process even after it had already begun.

Our present research found two types of defect growth mechanisms at high temperature for

ta-C coatings manufactured by the FCVA method. The first type (classified type-1 defect)

involved an interlayer droplet resulting in ta-C delamination and a dome-shaped structure.

The second type (type-2 defect) occurred due to transformation and/or evaporation of the

carbonaceous structure, which was confirmed by Raman analysis.
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Figure captions

Fig. 1 Photo images of: (a) a ta-C coated sample; and (b) the heater embedded in the ESEM

Fig. 2 Schematic image of environmental scanning electron microscope. GSED stands for

gaseous secondary electron detector.
Fig. 3 Annealing process in air, dry oxygen, or dry nitrogen gas

Fig. 4 Annealing process in environment gas-change tests with dry oxygen, dry nitrogen, and

dry oxygen gas in the 1%, 2", and 3™ steps, respectively

Fig. 5 Schematics of FIB cut processes and FE-SEM observation for a cross section of a
defect

Fig. 6 ESEM images on ta-C coating during annealing in air atmosphere after: (a) 0 min; (b)
30 min; (¢) 90 min; and (d) 120 min

Fig. 7 Evolution of the degradation area ratio of ta-C coating annealed in air, dry oxygen, and
dry nitrogen. Aqs and Ay indicate total defect area during annealing tests and before the tests,

respectively.

Fig. 8 The results of the gas-change test for clarifying the effect of oxygen on the degradation

area of ta-C coating during annealing

Fig. 9 Raman spectrum of as-deposited and three different areas after 120-min annealing in

ambient air

Fig. 10 FE-SEM and EDS mapping of type-1 defect after annealing in oxygen
Fig. 11 FE-SEM and EDS mapping of type-2 defect after annealing in oxygen
Fig. 12 ta-C surface profiles (a) before/(b) after annealing measured by AFM

Fig. 13 FE-SEM image of droplets on ta-C coating before annealing
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