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Abstract

The durability of wear-resistant tetrahedral amorphous carbon (ta-C) coatings is intimately linked to their thickness and
the concentration of sp® bonds. To enhance the lifespan of the coatings, we have prepared a multilayer coating consisting
of alternating layers of Ti and ta-C, denoted as (Ti/ta-C),, using arc ion plating. A multi-layer structure in conjunction with
stage cooling is employed to enhance the thickness and promote sp* bonding. The results indicate that the IyI; value, rep-
resenting the ratio of the intensity of the D peak to that of the G peak in Raman spectroscopy, decreases from 0.85 when
no stage cooling is applied to 0.35 when stage cooling is employed, suggesting an enhancement in the fraction of sp* bonds
within the coating. The obtained (Ti/ta-C), multilayer coating without peeling off has a maximum thickness of 1.14 pm,
which is almost double that of the ta-C coating single layer coating. At the same time, the coating has a low coefficient of
friction, down to 0.069, and maintains excellent friction properties with a wear rate of 3.4 X 107° mm>-N~"-m~'. The results
conclusively show that the preparation technology can enhance both thickness and sp> bonding in ta-C coatings, significantly

expanding their utility across tools, molds, and precision engineering components.
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1 Introduction

Tetrahedral amorphous carbon (ta-C) coating is widely uti-
lized in tools, molds, and precision engineering components
due to its exceptional hardness, chemical stability, low fric-
tion, and wear resistance [1-7]. On the one hand, the higher
the content of the sp® hybrid bond in the ta-C coating, the
better the hardness and wear resistance of the coating [8].
Additionally, the sp® hybrid bond content frequently exceeds
50 at.% within ta-C coatings [9]. The temperature at which
the material is prepared significantly impacts the proportion
of sp® bonds present. As temperatures rise, the sp> bonds
undergo a conversion to sp? bonds, subsequently weakening
the coating’s mechanical characteristics [10]. Consequently,
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maintaining a low deposition temperature during the prepa-
ration of ta-C coatings is vital for increasing the sp® bond
content and subsequently enhancing the coating’s mechani-
cal properties. However, there are very few studies that focus
on controlling the temperature during the deposition process
to increase the amount of sp> hybrid bonds in ta-C coatings.

On the other hand, the thick ta-C coating has a longer
service life than the thin one in the application of wear
resistance [11]. However, the thickness of the ta-C coating
deposited by physical vapor deposition (PVD) is limited to
the significant residual compressive and thermal stresses,
which will reduce the bonding strength between the coating
and the substrate [12—-15]. Excessive thickness of the coating
can lead to detachment from the substrate. Notably, in the
context of nitride coatings, employing a multilayer structure
has been proven to not only mitigate internal stress but also
significantly enhance both the hardness and toughness of the
coating [16—19]. In the diamond-like carbon (DLC) coating,
Sui et al. demonstrate that the CrN/DLC/Cr-DLC multilayer
coating can approach micron-scale thickness using imbal-
anced magnetron sputtering, and the tribological characteris-
tics of the coating are greatly enhanced [20]. The adoption of
the WC/DLC multilayer structural design further enhances

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s42864-024-00292-y&domain=pdf
www.springer.com/42864
http://orcid.org/0000-0003-0288-2425
http://orcid.org/0000-0001-5192-7648

Z.-). Xie etal.

the hardness and wear resistance of the coating [21]. It is
widely speculated that a multilayer structure presents itself
as a promising avenue for mitigating the stress challenges
inherent in ta-C coatings. Nevertheless, the research land-
scape remains relatively barren, with few studies dedicated
to exploring the properties of multilayered ta-C coatings
deposited through PVD techniques.

As a PVD method, arc ion plating efficiently deposits ta-C
coatings, exhibiting rapid deposition, high energy utiliza-
tion, a high degree of ionization, and ensuring strong bond-
ing between coatings and substrates [22, 23]. It is suitable
for preparing multilayer coatings and can easily control the
deposition temperature of the coatings. In this paper, (Ti/
ta-C),, multilayer coatings, where ‘n’ denotes the number of
repetitions of the Ti/ta-C bilayer and specifically, featuring
a thickness exceeding 1 pm and a high concentration of sp*
bonds, were prepared using arc ion plating. Subsequently,
the hardness, friction, and wear resistance properties of these
coatings were studied.

2 Experimental
2.1 Coating preparation

Using arc ion plating, ta-C coatings and (Ti/ta-C), multi-
layer structural coatings, in this study, n =4 for comparison
with other structures, were deposited onto WC-6 wt.% Co
(85HRC 15 mm X 10 mm X 5 mm) cemented carbide sub-
strates, Si substrates, and WC-Co milling cutter. WC-6 wt.%
Co has high hardness, excellent wear resistance, and a low
friction coefficient, making it suitable for a wide range of
demanding coating applications [24]. Before deposition,
the substrates were cleaned by ultrasonic for 15 min with
acetone solution, then by ultrasonic for 15 min with ethanol
solution. Finally, the substrates were dried with nitrogen.
Ti target and C target were used in the coating preparation
experiment. The whole process was divided into two stages:

substrate etching and coating preparation. The base pressure
was maintained at 7 x 107 Pa. In the etching stage, Ar™ was
used to bombard the substrates for 30 min to remove the
impurity particles on the substrate surface. Then, the coating
was deposited. Before the ta-C coatings and the (Ti/ta-C),
multilayer structural coatings were deposited, a layer of pure
metal Ti was first deposited to improve the bonding strength
between the coatings and the substrates. In this study, four
types of ta-C coatings and the (Ti/ta-C), multilayer struc-
tural coatings were deposited. For convenience, in this paper,
ta-C deposition 60 min coating with non-stage cooling, ta-C
deposition 60 min coating with stage cooling, ta-C deposi-
tion 90 min coating with stage cooling, and the (Ti/ta-C),
multilayer coating with stage cooling are named S¢, Sgocs
Sggc, and Syygc.i> TESpectively. Figure 1a is a schematic dia-
gram of the vacuum chamber structure of arc ion plating.
Our equipment was equipped with thermocouples beside the
samples that can be used to check the real-time tempera-
ture of the chamber. Our equipment has four sets of targets,
which are equipped with Ti, Cr, Ti, and C targets. MS1 and
MS2, as indicated in the top-down view of the deposition
equipment, represent two positions of unbalanced magnetron
sputtering sources. Figure 1a prominently displays an identi-
fication marker for Gas ion source (GIS), clearly pinpointing
the location of the gas ion source. Moreover, the notation
‘1 rpm’ within the figure designates the rotational veloc-
ity of the turntable that supports the sample. Figure 1b is a
schematic diagram of (Ti/ta-C),, multilayer coating structure.
Table 1 displays the preparation parameters of the coatings.
During the deposition process, the sample utilizing stage
cooling maintains a temperature that does not exceed 80 °C,
whereas the sample without stage cooling exceeds 150 °C.

2.2 Microstructure characterization
Using a scanning electron microscope (SEM, TESCAN

MIR4 LMH, Czech Republic), the coating’s thickness and
cross-sectional structure were examined. X-ray diffraction
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Fig.1 Schematic illustration of vacuum chamber structure in top view and b the diagram of (Ti/ta-C),, coatings
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Table 1 Deposition parameters of ta-C coatings and (Ti/ta-C),, multi-
layer coatings

Deposition parameters Targets Coatings

SGO S6OC SQOC S 120C'Ti

Bias voltage /V Ti/C targets —80/—110
Arc current /A 60/40
Ton source / kW 0/1

Deposition time / min 10/60 10/60 10/90 (10/30),

(XRD, Bruker D8 advance, Germany) was used to study the
crystal structure using Cu K, radiation (1=0.1541862 nm)
operating at 40 kV and 40 mA. The step scan and scan rate
were 0.02° and 5°-min~!, respectively. Thermo Fisher Scien-
tific dxr3 detects the Raman (InVia, Renishaw, UK) signal.
The resolution is 0.964 cm™!, and the excitation wavelength
is 532 nm. The Vickers hardness of the coating was tested
with a micro-Vickers hardness tester (EVERONE MH-500,
China), and the average values of five points for each sample
were taken. The test parameters are as follows: the test load
is 25 g, and the holding time is 15 s.

The HSR-2M (Lanzhou Zhongke Kaihua Technology
Co., Ltd, China) high-speed reciprocating friction and wear
tester measures the friction coefficient. The specific experi-
mental parameters entailed a test load of 250 g, a reciprocat-
ing stroke length of 5 mm, an operating speed of 250 rpm,

and a test duration of 30 min. The friction pair consisted of
an Al,O; ceramic disk with a diameter of 10 mm. The entire
experiment was conducted using a single sample at room
temperature, with each test being repeated three to five times
to ensure consistency and reliability of the results.

3 Results and discussion
3.1 Microstructure analysis

As illustrated in Fig. 2, the cross-sectional morphology of
the coating was examined using a SEM. The figure indi-
cates that the interface between the coatings is visible. The
thickness of ta-C coatings with stage cooling and non-stage
cooling is 450 and 460 nm, respectively, as shown in Fig. 2a,
b, which demonstrates that the thickness of the coating is
not significantly affected by the stage. The thickness of the
ta-C coating deposited in 90 min increases to 650 nm, as
shown in Fig. 2c. This indicates that the coating thickness
increases as the deposition time increases. This may be due
to an increase in coating thickness, which leads to higher
internal stresses and greater distortion of the hybridized
bonds, resulting in increased hardness. However, parts of
the Sq( coating peel off from the milling cutter, as shown in
the inset of Fig. 2c, which is primarily due to the relatively
poor adhesion between the coating and the substrate caused

1140 nm

Fig.2 Cross-section SEM images of ta-C/Ti coating on Si substrate: a Sg), b Sgpc, € Soocs d Sjooc.mi- Insets show the optically enlarged photo-

graph of ta-C/Ti coating on the WC-Co milling cutter
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by the increase in coating thickness and the accumulation
of internal stress [11]. Therefore, we prepared the Ti/ta-C
four-cycle multilayer coating depicted in Fig. 2d to release
the internal stress of the thick ta-C coating. The thickness of
the S,pc.ri rose to 1140 nm, and there are no peelings from
the milling cutter, as shown in the inset of Fig. 2d, indicat-
ing that the multilayer structure of (Ti/ta-C),, is an effective
mean to solve the stress issue in ta-C coatings. The interfaces
between layers of a multilayer structure effectively prevent
slippage and enhance the overall hardness of the coatings,
contributing to their durability.

Figure 3 displays the XRD spectra of the coatings. In
Fig. 3, the two diffraction peaks correspond to Si and Ti,
respectively. The Si base peak is shown in red on the left,
while the Ti diffraction peak is depicted in blue on the right.
And there is no C diffraction peak seen in the ta-C coat-
ing and the (Ti/ta-C), multilayer coating. Therefore, carbon
should exist in an amorphous form in coatings.

Figure 4 shows the fitting results of Raman spectra of
ta-C coating, and we can find that the curves and the fitted
peaks can be well overlapped. Figure 4 shows the Raman
spectra of ta-C coating and (Ti/ta-C), multilayer coating,
reflecting the sp® bond content of the coatings under differ-
ent deposition conditions. From Fig. 4, we can observe that
the D peak and G peak of the coatings consistently mani-
fest within the ranges of 1350-1380 and 1550-1570 cm™!,
respectively. These positions align precisely with those
expected in the standard Raman spectrum of graphite, indi-
cating the presence of characteristic carbon bonding struc-
tures [25]. The G peak mainly reflects the information about
the sp? bond, while the D peak reflects the information about
the sp? hybrid bond angle disorder, which can be used to
explain the existence of fine-grain graphite. The ratio of the
D peak intensity to the G peak intensity, I/I, is mainly
used to represent the number and size of the structure of sp>
rings. The ratio of the peak intensity of D peak to G peak is
often used to approximate the content of the sp* bond in the
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Fig.3 XRD patterns of ta-C coatings on silicon wafer: a Sy, b S¢oc, € Sgocs d Soocuri
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coating. The smaller the value is, the higher the content of
the sp’ bond is [25]. The content of sp> hybrid bonds in ta-C
coatings increases, and their overall mechanical properties,
notably in terms of hardness and durability, become increas-
ingly similar to those of natural diamonds, thereby signifi-
cantly enhancing their wear resistance [26]. The variation

in the full width at half maximum of the G peak (Gpywm)
serves as an indicator, to a certain extent, of the degree of
disorder within ta-C coatings. As this value increases, it sig-
nifies an escalation in the level of disorder, which can be
inferentially linked to changes in the internal stress within
the coating, suggesting a corresponding increase in stress
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levels. Figure 4e shows the results of the fitting of the ta-C
coated Raman spectra I/I; values and Gy, From Fig. 4,
we can find that the Iy/I; value of S¢ is much smaller than
that of Sy, which indicates that stage cooling can largely
enhance the sp® bond content of ta-C coatings. An elevated
sp> bond content in the coating may yield notable improve-
ments in its mechanical properties, specifically enhancing
both its hardness and wear resistance. The I/I; value of
Sggc, Which stands at 0.47, exhibits an increase when com-
pared to that of Sgy.. This increase can be attributed to the
direct correlation between deposition time and temperature
during the coating process. As deposition time increases,
so does the temperature, triggering a transformation within
the coating. Specifically, some of the sp® bonds within the
coating convert into sp> bonds. This chemical transforma-
tion, in turn, results in a slight elevation of the I;/I; value
[10]. However, despite this increase, the I/l value of Sgc
remains significantly lower than that of S¢,. Notably, the I/
I value of the S,yc.gi coating undergoes a rapid elevation
to 0.71, accompanied by a decrease in the sp> bond content
within the coating. This phenomenon is primarily attributed
to the enhanced Ti content in the multilayer structure, which
subsequently leads to a reduction in the sp> bond content of
the coating [27]. The Gpyyy of the S¢yc coating, which is
223.67, is the highest, suggesting the greatest internal struc-
tural disorder and the highest sp® bond content. However,
despite its high Gpyyy, the thinness of the Sq,- coating
prevents the occurrence of coating spalling. The Gpyy of
Sggc coating is 221.43, which is slightly lower than that of
Seoc, but due to its larger thickness and disordered internal
structure, the coating accumulates a large number of internal
stresses, which results in the phenomenon of peeling of the
coating from the milling cutter substrate.

3.2 Mechanical properties

Figure 5 shows the microhardness values of ta-C coating and
(Ti/ta-C),, multilayer coating measured by the micro-Vick-
ers hardness tester. S¢- has a microhardness of 3640.6 HV,
which is greater than that of S, (3223.8 HV). This is attrib-
uted to the stage cooling process of S¢,-, which lowers the
deposition temperature of the coating, thereby facilitating
the formation of sp3 bonds. This, in turn, results in improved
hardness, friction resistance, and other mechanical proper-
ties. Consequently, the stage cooling process effectively con-
trols the deposition temperature, enabling the preparation of
coatings with enhanced hardness [28]. The hardness of Sy
is 3829.8 HV. It can be seen from Fig. 4 that the sp> bond
content of Sgqc is lower than that of S, but its hardness
is higher than that of Sg,-. The primary factor contributing
to this phenomenon is the Sy coating’s thickness, which
attains an impressive 650 nm. With this increased thick-
ness, the number of interfaces is reduced, and the residual
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Fig. 5 Microhardness results of ta-C coatings

stress within the coating is heightened, ultimately leading
to a notable enhancement in its hardness [29]. This corre-
sponds to the previous thickness analysis in the SEM images
of Fig. 2. The hardness of S;,c.1; is the highest, reaching
4823.8 HV, owing primarily to its thickness of 1.14 pm,
which is approximately double that of Sq,-. Multilayer struc-
tures are advantageous as they hinder crack propagation,
mitigate residual stress, and facilitate the formation of highly
dense microstructures. Additionally, the interfaces between
layers act as barriers to boundary slipping, thereby further
enhancing the hardness [30].

Figure 6 shows the scratch appearance of ta-C coating
and (Ti/ta-C), multilayer coating under the SEM. When the
loading force reaches 100 N, the coating does not peel off
obviously, which shows that the bonding strength of the ta-C
coating and (Ti/ta-C), multilayer coating is high and the
bonding performance is excellent. As shown in Fig. 5, white
debris accumulation occurs in both ta-C coating and (Ti/
ta-C),, multilayer coating in the middle of scratches, which
can greatly reduce the tangential force [31], thus reducing
the friction coefficient of the coatings. As shown in Fig. 6a,
large particles can be seen in the scratch morphology of
Seo» indicating that the main form of wear is abrasive wear,
which will negatively impact the machining quality and effi-
ciency of coated tools. Abrasive wear is primarily influenced
by a multitude of factors, including hardness differences,
the presence of impurities and defects, surface roughness,
coating thickness, as well as other contributing elements.
Compared to other coatings, S¢, exhibits the lowest sp> bond
content, resulting in a reduction in the coating’s hardness
and wear resistance properties. This low sp> bond content
indicates a predisposition for the coating to form a graphite
structure characterized by a rough surface and large parti-
cles. Consequently, this is a contributing factor to the occur-
rence of severe abrasive wear. The low sp> bond content
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Fig.6 Scratch morphology under SEM of ta-C coatings: a Sy, b S¢oc, € Sooc, d Saocoi

of Sy is mainly because of the absence of a stage cool-
ing procedure in the preparation process, which raises the
preparation temperature and causes the transformation of
some sp> bonds to sp? bonds. In comparison to other coat-
ings, the S¢, exhibits a notably thinner thickness, predispos-
ing it to scenarios where wear particles have an increased
likelihood of directly interfacing with the coating substrate.
This direct contact, in turn, exacerbates the wear process,
leading to severe degradation of the coating’s integrity and
performance.

3.3 Tribological properties

Figure 7a displays the friction coefficient curves of ta-C
coating and (Ti/ta-C), multilayer coating. Because the
surface of the coating and the friction pair are in the run-
ning-in stage in the first 600 s, and affected by the large
particles on the surface, the value of the friction coefficient

will fluctuate to a certain extent, which is not stable. As
the friction experiment proceeds, the friction coefficient
attains relative stability, indicating the onset of the steady-
state wear stage. The average value of the curve during this
stage is typically adopted as the friction coefficient of the
coatings, as depicted in Fig. 7b. The friction coefficients
of S¢g, Seoc> Sooc, and S,gc.1; are 0.079, 0.069, 0.083 and
0.087, respectively. The friction coefficient of Sgyc is
0.069. In the course of friction interactions, a pronounced
thermodynamic impetus emerges at the interfacial juncture
between the coating and the mating friction partner. This
impetus catalyzes the structural evolution from the initial
ta-C configuration towards a graphite-like structure. As a
result, a graphite-rich tribological layer with inherently
low shear resistance forms, inherently functioning as an
effective lubrication interface, thereby mitigating frictional
forces and enhancing wear resistance [32, 33]. The friction
coefficient of S¢, is almost the same as that of S¢yc. The
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Fig. 7 Friction coefficient of ta-C coatings at a friction coefficient curves and b average friction coefficient of the coating ¢ the wear rate of ta-C
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friction coefficient of Sgy- and S|,qc.q; is slightly higher,
which is mainly due to the uneven surface of the coatings
and the formation of larger particles on the surface. None-
theless, the friction curves of all coatings exhibit minimal
fluctuation, indicating that the friction coefficient remains
stable despite variations in coating thickness and the con-
centration of sp bonds. S¢c has the smallest I;y//; value
and the lowest friction coefficient, which corresponds to
the results of the previous Raman analysis in Fig. 5.

Figure 7c shows the wear rate of ta-C coatings. The
graph indicates that Sq,- exhibits the lowest wear rate of
3.4x107° mm*N~'m~!, which is mainly due to its superior
wear resistance because of its lowest I/l value and high
sp® bond content. At the same time, S,,; has the largest
wear rate with a value of 11.88x 107° mm*N~!.m~!. This is
mainly due to its large I;y/I; value, which corresponds to the
structure analyzed by the coefficient of friction.

4 Conclusions

The ta-C coatings and (Ti/ta-C), multilayer coatings were
prepared by arc ion plating. The results of SEM show that
the interface between Ti and ta-C layer is clear. The (Ti/
ta-C),, multilayer structure can achieve a maximum thick-
ness of approximately 1.14 microns, more than twice that
of a directly deposited ta-C coating, significantly boost-
ing the practical thickness limit of ta-C applications. The
XRD results demonstrate an absence of distinct and pro-
nounced diffraction peaks within the coating, indicating that
the prepared coating exhibits an amorphous structure. The
Raman spectra results indicate that stage cooling signifi-
cantly enhances the sp® bond content in the ta-C coating,
whereas the lower sp® bond content observed in S,oc g
is attributed to the elevated Ti content. When the loading
force reaches 100 N, the coating does not peel off obvi-
ously, which shows that the bonding strength of the ta-C
coating and (Ti/ta-C), multilayer coating is high and the
bonding performance is excellent. The coefficient of fric-
tion of the coating does not decrease when the thickness and
content of sp> bonds increase and the minimum wear rate
is 3.4x 107 mm>N~!-m~!. The research outcomes meticu-
lously elucidate a refined preparation technique for achiev-
ing thick ta-C coatings enriched with a substantial sp® bond
content. This advancement significantly widens the scope
of potential applications for these coatings, encompassing a
broad range of tools, molds, and intricate precision engineer-
ing components.
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