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Quaternary Ti—B—C—N coatings with different carbon concentrations are deposited on high-speed steel
substrates by reactive magnetron sputtering. The oxidation behavior between 300 and 800 °C under
ambient conditions is studied by scanning electron microscopy, high-resolution transmission electron
microscopy, Vickers micro-hardness, and X-ray diffraction. The Ti—B—C—N coatings with smaller carbon
contents have better oxidation resistance and the oxidation process can be divided into two stages: low-
speed oxidation below 700 °C and high-speed oxidation above 700 °C. An oxidation mechanism is
proposed to explain the relationship between the reaction with oxygen and observed oxidation behavior.
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1. Introduction

Ti—B—N, a TiN-based coating that offers good wear resistance,
high hardness, and good oxidation resistance at elevated temper-
ature is used by the cutting tool industry [1-5],.However, tribo-
logical studies show that the friction coefficient of typical Ti—B—N
coatings against steel balls in air is about 0.6 which may be too high
for some applications [6—8]. Hence, carbon which offers self-
lubricating effects has been incorporated into Ti—B—N coatings to
form quaternary Ti—B—C—N coatings in order to reduce the friction
coefficient. Ti-B—C—N coatings have been prepared by different
deposition techniques such as chemical vapor deposition (CVD) [9],
plasma-enhanced CVD [10,11], and reactive magnetron sputtering
(RMS) [12,13]. The mechanical and tribological properties studied
by Zhong D on Ti—B—C—N thin films deposited by magnetron
sputtering in different argon-nitrogen atmospheres shows that the
Ti—B—C—N film with 10% nitrogen exhibited the best adhesion to
substrate, lowest residual stress, and best tribological performance
[12]. The corresponded oxidation resistance shows that nitrogen
addition leads to the oxidation rates of the coatings increase, and
the oxidation process of the Ti—B—C—N coatings is mainly
diffusion-controlled [14]. Vyas A and our previous studies on
Ti—B—C—N coatings show that addition appropriate amount of
carbon to the coatings is favorable for the hardness value
enhancement, and carbon content increase can decrease the
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friction coefficient to a minimum value of about 0.2, the volume
wear rates of coatings also decrease as carbon content increase,
which indicates that carbon addition is an effect method for
improving the tribological properties of Ti—B—C—N coatings
[15,16]. However, the carbon content effect on the oxidation
behavior of Ti—-B—C—N coatings at elevated temperature and the
related mechanism are not well understood thereby hampering
wider acceptance by the industry. In the work reported here,
Ti—B—C—N coatings with different carbon concentrations are
deposited by reactive magnetron sputtering and the oxidation
behavior between 300 and 800 °C is studied.

2. Experimental details

The quaternary Ti—B—C—N coatings were deposited on high-
speed steel (W18Cr4V) substrates by reactive magnetron sputter-
ing (RMS). Three pairs of dual-magnetron targets including two
sintered titanium targets, two sintered graphite targets, and two
sintered B4C targets were fixed on two sides of the chamber. High-
purity argon (99.999%) was used as the sputtering gas and high-
purity nitrogen (99.999%) was used as the reactive gas to deposit
the Ti—B—C—N coatings. Prior to deposition, the substrates
(@24 mm x 9 mm) were mechanically polished, cleaned ultra-
sonically with acetone for 30 min, washed in deionized water, and
dried under nitrogen atmosphere. The vacuum chamber was first
evacuated to a base pressure of 3.5 x 103 Pa and then Ar plasma
sputtering was conducted to clean the substrates for 30 min at
a bias voltage of —1000 V before actual deposition. The deposition
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Table 1
Composition of the as-deposited Ti—B—C—N coatings.

Sample No. C target power (kW) Ti(at.%) B (at%) C(at.%) N (at.%) O (at.%)

1 0 26.8 18.5 28.9 25.1 0.7
2 3 221 13.5 48.8 14.8 0.8
3 4 16.9 13.1 54.2 14.6 12
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Fig. 1. X-ray diffraction patterns of the as-deposited Ti—B—C—N coatings with different
carbon contents.
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pressure, bias voltage, substrate temperature, nitrogen flow rate, Ti
target power, and B,4C target power were at 3 x 10~! Pa, —100 V,
150 °C, 2 sccm, 2 kW and 1 kW, respectively. The carbon concen-
trations in the Ti—B—C—N coatings were varied by changing the
power applied to the graphite target from 0 kW to 3 kW and 4 kW.

Annealing was performed in the SRJXZ-9 resistor furnace in the
temperature range of 300—800 °C in air for 1 h. The carbon content,
composition, and chemical states were determined by X-ray
photoelectron  spectrometry  (XPS, PHI  5802) with
a monochromatized Al K, source after sputter-cleaning with Ar
ions for 5 min. The micro-structure of the coatings was character-
ized by high-resolution transmission electron microscopy (HR-
TEM, JEM 2100F) and X-ray diffraction (XRD, D/max-3C), the
average crystallite size of the nano-crystalline was calculated from
broadening of the main peaks using the Scherrer equation [17], the
lattice parameter of Ti(C, N) solid solution is calculated by the
following equation:

a = dthX Vh2+k2+12

Where a is the lattice parameter (nm), dpy is the interplanar crystal
spacing of {hkl} family of crystal planes (nm), and h, k, and [ is
indices of crystal face. The surface roughness was determined on
a TALYSURF-4 mechanical profilometer and the variation in the
surface morphology with annealing temperature was monitored by
FE-SEM (JSM-7000F), the cross-sectional depth composition
profiles of coatings were detected by energy dispersive X-ray
spectroscopy (EDX) attach to FE-SEM. The micro-hardness was
determined using an MH-5 indentation tester equipped with
a Vickers diamond indenter using a load of 25 g. The load was kept
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Fig. 2. XPS spectra of the as-deposited Ti—B—C—N coatings with 28.9 at.% C: (a) B 1s (b) C 1s (c) N 1s, and (d) Ti 2p.
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for 5 s to assure that the indenter depth did not exceed 10% of the
coating thickness (2—3 pm). Each hardness measurement was
repeated 5 times to obtain the average.

3. Results and discussion

The elemental composition of the as-deposited Ti—B—C—N
coatings derived from XPS is shown in Table 1. As carbon target
power increase from 0 kW to 3 kW and 4 kW, the carbon contents
increase from 28.9 at.% to 48.8 at.% and 54.2 at.%, while Ti, B, and N
atom contents decrease gradually. The oxygen contents in range of
0.7—1.2 at.% can be detected in the coatings, which was most likely
from residual oxygen in the deposition chamber.

The X-ray diffraction patterns of the as-deposited Ti—B—C—N
coatings with different carbon contents in Fig. 1 show (111),
(200), and (220) diffraction peaks of cubic Ti(C, N). As the carbon
contents increase from 28.9 at.% to 48.8 at.% and 54.2 at.%, the peak
intensity decreases but the peaks become broader. The average
crystalline size calculated by Scherrer equation from broadening of
diffraction peaks decrease from 24 nm to 8 nm and 6 nm with
carbon content increase from 28.9 at.% to 48.8 at.% and 54.2 at.%.
And as carbon content increase the lattice parameters of Ti(C, N)
calculated from the (111), (200), and (220) diffraction peaks of Ti(C,
N) increase from 0.426 nm to 0.428 nm, lattice parameters of the
Ti(C, N) solid solution increase linearly with the increase of carbon
concentration in Ti(C, N), reference to the lattice parameter data of

Ti(C, N), we found that carbon content increase leads to the
TiCo3Ng7 phase gradually transforming to TiCo5Ng 5 phase [18,19].

Fig. 2 presents the B 1s, C 1s, N 1s, and Ti 2p core-level XPS
spectra of the Ti—B—C—N coating with 28.9 at.% C. The B 1s spec-
trum in Fig. 2a can be fitted by two peaks, at 189.2 eV and 190.1 eV
corresponding to B—C and B—N, respectively [20]. The C 1s spec-
trum in Fig. 2b can be fitted by four peaks at 282.1 eV, 283.2 eV,
284.6 eV, and 286.0 eV associated with Ti—C, B—C, sp°C—C, and
sp>C—N, respectively [20—22]. The N 1s spectrum in Fig. 2¢ consists
of three peaks centered at 397.0 eV, 397.8 eV, and 398.4 eV and the
peaks arise from Ti—N, sp?B—N, sp3C—N, and sp’C—N [20—22].
Fig. 2d shows that the Ti2p spectrum consists of spin doublets, and
the two fitted peaks of Ti2p1/2 are at 454.6 eV and 455.8 eV cor-
responding to Ti—C and Ti—N, respectively. The Ti2p3/2 fitted peaks
at 460.7 eV and 462.2 eV can be assigned to Ti—N and Ti—N loss
peak, respectively [22]. As shown in the XRD spectrum, the nano-
crystalline phase is composed of a Ti(C, N) solid solution, suggest-
ing that the B—C, sp>B—N, sp>’C—C, and sp>’C—N components exist in
the amorphous phase and the Ti—B—C—N coatings comprise nc-
Ti(C, N) nano-crystals embedded into an amorphous a-C/a-CN/a-
BN/a-BC matrix. The reason for formation of the B—N, B—C, C—N,
C—C bonds existed in amorphous by means of the thermody-
namic driving force is not strong enough in reactive magnetron
sputtering [21]. Some researchers also detected the Ti—B bonds in
the Ti—B—C—N coatings, but in our samples the Ti—B bonds can’t be
detected, it may be caused by that in our samples the carbon

Fig. 3. HR-TEM images and SAD patterns of the as-deposited Ti—-B—C—N coatings with carbon contents of: (a, b) 28.9 at.% and (c, d) 54.2 at.%.
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content is higher than 28.9 at.%, while the B content is low, so it is
easier to form Ti—C bonds than Ti—B bonds [12—14].

Fig. 3 shows the plan view HR-TEM images and selected area
electron diffraction (SAD) patterns of the Ti—B—C—N coatings with
carbon contents of (a, b) 28.9 at.% and (c, d) 54.2 at.%. In Fig. 3a, the
{200} lattice fringes of Ti(C, N) with lattice spacing of 0.213 nm can
be observed. The SAD patterns and the low magnification image in
Fig. 3b confirm that the nano-crystallite is Ti(C, N), and the size of
the nc-Ti(C, N) is about 20—30 nm. The {200} lattice fringes of Ti(C,
N) with lattice spacing of 0.214 nm can be observed in the high
magnification image of Fig. 3c. The low magnification image in
Fig. 3d shows that the Ti(C, N) nano-crystallites size is about
3—7 nm. HR-TEM further confirms that the Ti—B—C—N coatings
possess a nano-composite structure consisting of nc-Ti(C, N)
embedded in the a-C/a-CN/a-BN/a-BC matrix and with increasing
carbon concentration, the size of the nano-crystals decreases, the
carbon concentration in nc-Ti(C, N) solid solution increase.

The XRD patterns of the Ti—B—C—N coatings after oxidation at
elevated temperature are presented in Fig. 4 to provide information
about the microstructural evolution. The intensity of the (111) and
(200) peaks of Ti(C, N) decreases with oxidation temperature, and
Ti3O5 and TiO, phases can be identified from the coatings after
oxidation. No oxide diffraction peaks can be detected until 800 °C
from the 28.9 at.% C coating [Fig. 4a]. However, with regard to the
coatings with carbon concentrations of 48.8 and 54.2 at.%, oxide
diffraction peaks can be observed after annealing at 600 °C [Fig. 4b
and c]. The XRD patterns indicate that addition of carbon reduces
the oxidation resistance of the Ti—B—C—N system.

The HR-TEM images of the Ti—-B—C—N coatings with 28.9 at.% C
after annealing at 700 °C and 800 °C are depicted in Fig. 5. Fig. 5a
and b reveal that after annealing at 700 °C, the coatings still possess
a structure composed by nano-crystalline nc-Ti(C, N) embedded in
an amorphous a-C/a-CN/a-BN/a-BC matrix, and the structure is
similar to that of the as-deposited coatings. However, after
annealing at 800 °C, the coating shows a mixed crystalline phase
composed by nc-Ti(C, N) and nc-TiO, as revealed by the lattice
fringes and SAD pattern in Fig. 5c and d which also indicates that
TiO, is dominant. The micro-structure disclosed by HR-TEM
confirms that the Ti—-B—C—N coating with 28.9 at.% C can resist
oxidation at 700 °C but not at 800 °C.

Fig. 6 shows that weight loss per unit surface area from the
coatings as a function of annealing temperature. The Ti—B—C—N
coating with 28.9 at.% C begins to lose weight at about 700 °C,
whereas the Ti—B—C—N coatings with 48.8 and 54.2 at.% C begin to
lose weight at about 600 °C. Oxidation can be divided into two
stages: slow weight loss (Ti—-B—C—N coating with 28.9 at.% C at
700 °C as well as Ti—-B—C—N coatings with 48.8 and 54.2 at.% C at
600 °C) and fast weight loss (Ti—B—C—N coating with 28.9 at.% C at
800 °C and Ti—B—C—N coatings with 48.8 and 54.2 at.% C at 700 °C
and 800 °C). The higher the carbon concentration, the more is the
weight loss after annealing at 600—800 °C.

Fig. 7 shows the micro-hardness values of the three coatings as
a function of annealing temperature. The micro-hardness of the
Ti—B—C—N coating with 28.9 at.% C remains at about 15 GPa until
600 °C and after annealing at 700 °C, the micro-hardness decreases
a little to 13 GPa. As the annealing temperature is further increased
to 800 °C, the micro-hardness diminishes to about 7 GPa. In
comparison, the micro-hardness values of the Ti—B—C—N coatings
with 48.8 and 54.2 at.% C begin to decrease at 600 °C, and as
annealing temperature is further increased to 700 °C and 800 °C,
the micro-hardness values decrease obviously. The micro-hardness
of the coating with 54.2 at.% C decreases more quickly than the
coating with 48.8 at.% C.

Fig. 8 shows that the surface roughness of the coatings as
a function of oxidation temperature. The surface roughness of the

Fig. 4. X-ray diffraction patterns of the annealed Ti—B—C—N coatings with carbon
contents of: (a) 28.9 at.%, (b) 48.8 at.%, and (c) 54.2 at.%.

Ti—B—C—N coating with 28.9 at.% C does not change much in the
temperature range of 300 and 600 °C, but at 700 °C and 800 °C, the
surface roughness increases monotonically to a maximum value of
about 64 nm. In comparison, the surface roughness values of the
Ti—B—C—N coatings with 48.8 and 54.2 at.% C increase to about



40 nm after annealing at 600 °C. Fig. 8 also indicates that a higher
carbon concentration translates into larger surface roughness after
annealing at 600—800 °C. The evolution of the surface roughness is
closely related to the micro-hardness and micro-structure change,
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Fig. 5. HR-TEM images and SAD patterns of the Ti—B—C—N coatings with 28.9 at.% C after annealing at (a, b) 700 °C and (c, d) 800 °C.

confirming that the carbon concentration in the Ti—B—C—N coat-
ings plays an important role in the oxidation resistance.

The change in the surface morphology of the Ti—B—C—N coating
with 28.9 at.% C with annealing temperature observed by SEM is
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presented in Fig. 9. The surface of the as-deposited coatings is
smooth and particles with diameters of about 100—200 nm can be
observed [Fig. 9a]. After annealing at 600 °C and 700 °C, the
diameter of the particles increases and the boundaries between
particles become clear. Some black pores can be observed from the
boundary and some white-dots appear. This should be caused by
internal stress produced during the heating and cooling process
[Fig. 9b and c|. As the annealing temperature is increased to 800 °C,
particles with diameters of about 100—200 nm disappear from the
surface and the number and size of the black pores become larger,
the white particles with sizes of about 20—30 nm can also be
observed [Fig. 9d]. The HR-TEM and FE-SEM micro-analysis show
that the distribution, size, composition, and micro-structure of
these white particles is similar to nc-TiO, or nc-Ti3Os crystallites
transformed from the nc-Ti(C, N) as a result of oxidization [Figs. 5d
and 9d].

The cross-sectional composition depth profiles of the
Ti—B—C—N coatings with 28.9 at.% and 54.2 at.% carbon before and
after oxidize at 800 °C measured by EDX are shown in Fig. 10. After
oxidize at 800 °C the oxygen contents in both coatings increase
obviously, the Fe contents increase a little, while the B, C, and N
contents decrease. The composition depth profiles of the
Ti—B—C—N coatings reveal that after oxidize at 800 °C the
Ti—B—C—N coatings have been oxidized. Compare composition
depth profiles of Ti—-B—C—N coatings with 28.9 at.% and 54.2 at.%
carbon, we found that the oxygen content in Ti—-B—C—N coatings
with 54.2 at.% carbon content is higher, which indicates that the
oxidation of Ti—B—C—N coatings with 54.2 at.% carbon is more
serious.

As aforementioned, the Ti—-B—C—N coatings have a structure
consisting of nano-crystalline nc-Ti(C, N) embedded in an amor-
phous a-C/a-CN/a-BN/a-BC matrix and carbon has an important
effect on the micro-structure and oxidation behavior of the coat-
ings. As the carbon content is increased from 28.9 to 54.2 at.%, the
size of the nano-crystallites diminishes from 24 nm to 6 nm, and
the on-set temperature of observable oxidation decreases from
about 700 °C to 600 °C. The oxidation resistance study done by Lu
YH on Ti—B—N coatings shows that low oxidation rate accompanied
in Ti-B—N coatings with formation of small-grained Ti oxide
occurred below 800 °C, while above 800 °C a rapid oxidation
process accompanied with formation of large-grained Ti oxide with

Fig. 9. SEM surface images of the Ti—B—C—N coatings with 28.9 at.% C: (a) as-
deposited, (b) annealed at 600 °C, (c) annealed at 700 °C, and (d) annealed at 800 °C.
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Fig. 10. Cross-sectional composition depth profiles of (a, b) 28.9 at.% C and (c, d) 54.2 at.% C Ti—B—C—N coatings before and after oxidized at 800 °C detected by EDX.

rough surface took place [1]. Compare oxidation behavior of the
Ti—B—C—N coatings to Ti—B—N coatings we confirm that carbon
content increase lead to the oxidation resistance of the coatings
decrease. Following are main factors that impact the overall
oxidation behavior.

The Ti—B—C—N coating with a smaller carbon concentration of
28.9 at.% has mainly the amorphous a-BN phase with very little free
carbon or carbon nitride as shown in Fig. 2. It is because amorphous
a-BN has good oxidation resistance at least below 800 °C. It can act
as an efficient barrier against oxygen diffusion and protect the nc-
Ti(C, N) phase from oxidation [1,23,24]. Hence, the coating cannot
be easily oxidized below 700 °C. However, at 800 °C, the amor-
phous a-BN phase begins to react with the oxygen in air producing
B,03 as shown. The B,03 can easily evaporate from the Ti—-B—C—N
surface during annealing leaving behind the defects such as pores,
micro-cracks, and grain boundaries [1]. The defects can act as the
high diffusivity paths for oxygen, which accelerated the formation
and transportation of TiO, and Ti3Os scales [1,16]. Besides this,
Zhong D suggests that the diffusion and oxidation of Fe and N at
elevated temperature can produce more oxygen vacancies, the
oxygen vacancies are the mobile species in n-type semi-conducter
TiO,, and can accelerate oxidation of titanium [16].

Ti—B—C—N coatings with bigger carbon contents of 48.8 and
54.2 at.% C have higher concentration of the amorphous a-C/a-CN
phase than that in the coating with 28.9 at.% C. Amorphous carbon
usually has poor oxidation resistant properties and begins to react
with oxygen at about 600 °C [25]. Hence, a-C/a-CN can be oxidized

to CO and evaporation lead to the formation of defects which speed
up oxidation when the temperature is 700 °C of higher.

4. Conclusion

Ti—B—C—N coatings fabricated by reactive magnetron sputter-
ing have a nano-composite structure composed of nc-Ti(C, N) nano-
crystals embedded in an amorphous a-C/a-CN/a-BN/a-BC matrix.
The Ti—B—C—N coatings with carbon content of 28.9 at.% are stable
at temperature below 700 °C. However, if the carbon concentration
is increased to 48.8 and 54.2 at.%, the coatings begin to oxidize at
600 °C. The Ti(C, N) nano-crystallines in the coatings are gradually
oxidized to TiO, or Ti3Os as the oxidize temperature increase to
600 °C or higher, and carbon addition lead to the oxidation rates
increase. The oxidation rates of the coatings and the Ti(C, N) nano-
crystallines are controlled by oxygen diffusion, which is mainly
affected by defect concentrations in the coatings.
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