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Microstructure and Properties of Homogeneous
and Gradient Ti(C, N) Coatings
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The microstructure and properties of homogeneous and gradient Ti(C, N) coatings synthesized using
magnetron sputtering technique were investigated using x-ray diffraction (XRD), scanning electron
microscopy (SEM), secondary ion mass spectroanalyzer (SIMS), nanoindentation, and cutting tests. The
results have shown that the coatings between homogenous and gradient Ti(C, N) are face centered cubic
structure and show the columnar crystallites. The homogeneous Ti(C, N) exhibits higher nanohardness
compared to the gradient Ti(C, N) coating. Moreover, the homogeneous Ti(C, N) coated inserts behave
better wear resistance in continuous turning but worse properties in interrupted cutting.
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1. Introduction

Important criteria for the use of materials in tribological
applications are sufficient adhesion, high hardness and tough-
ness, resistance against oxidation, and a low friction coefficient
(Ref 1). TiN coating has successfully been employed as wear-
resistant coatings in many fields for their high hardness, low
wear coefficient, and other good properties (Ref 2, 3).

To improve the coatings hardness and other properties
further, Al, C, Cr, and Si are added to form (Ti, AI)N, Ti(C, N),
TiAICrN, and Ti-Si-N composite coatings (Ref 4-9). The
multiphase Ti(C, N) thin coating, combining the advantages of
the high hardness of TiC and the high ductility and adhesion
strength of TiN, possesses better comprehensive mechanical
properties than single-phase TiC or TiN (Ref 10-12). However,
due to the difference in the microstructure and properties of the
thin hard coating and those of the underlying soft substrates, it
is very likely that the stress will concentrate in the boundary
between substrate and coatings during deformation, which
ultimately leads to crack formation and delamination of the
coating from substrate. The sharp interface between the coating
and substrate may be eliminated by introducing the concept of
functionally gradient material (FGM) in the design of the
coating (Ref 13-16). The compositions, microstructures, and
properties of FGM change continuously from one side to the
other side. It is helpful in increasing the adhesion strength
between coating and substrate as well. This may be explained
based on the distribution of stress and strain at the interface
and within the coating with a gradient in elastic modulus
(Ref 17, 18).
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In this paper, we present results from a study on the
homogeneous and gradient coatings deposited by physical
vapor deposition. The aim of the experiments is to investigate
the coating composition and structure.

2. Experimental

The substrate materials in this experiments were WC-6 wt.%
Co sintered cemented carbides. After milling and drying,
the mixtures of WC and Co powders were pressed to
TNMG120408 inserts and sintered in vacuum. Homogeneous
and gradient Ti(C, N) coatings with a nominal thickness of
about 3 pm were deposited onto the mirror-polished substrates
at 350 °C by means of magnetron sputtering technique. The
sputter target was pure titanium (99.5%). High purity argon
(99.99%) was the sputtering gas, while nitrogen and ethyne
(purity of 99.99%) were used as reactive gas. The base pressure
in the chamber was <0.5 mPa, and the working pressure
consisting of Ar, N,, and C,H, was set at 580 MPa during the
deposition process. Before deposition, the target was cleaned
by Ar glow discharge and a thin pure Ti layer was first
deposited in order to improve the coating adhesion to the
substrate. In the process of the homogeneous Ti(C, N) coating
deposition, the reactive gas is a mixture gas of N, and C,H,
with a gas-flow rate of 200 sccm for N, and 20 scem for CoH,.
During the gradient Ti(C, N) coating deposition process, the N,
flux decreases from 250 to 80 sccm while the C,H, flux
increases from 0 to 30 sccm. C,H,, the reactive gas, was also
admitted discontinuously into the vacuum chamber with
reactive gas Nj.

The phase identification for the coatings was performed
using XRD (Bruker DS8). The diffraction experiments were
performed on a 2 ®/Q diffractometer at a small angle of
incidence of the primary beam (y = 30) and with a nearly
parallel diffraction beam. The microstructure of the as-deposited
coatings was observed by means of SEM (JSM-6360LV)
instruments with operating volts of 20 kV. The elemental
distribution of gradient Ti(C, N) coating was analyzed by typical
secondary ion mass spectroanalyzer (SIMS).
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A two-step penetration method with nanoindentation was
used to measure the nanohardness of the coatings with a
computer-controlled nanoindentation tester (Fischerscope
H100VP) using a Vickers indenter and continuously applied
load. A maximum load with holding time of 10 s was selected
to measure the nanohardnesses of the films. A smaller
penetration load of 5 mN was chosen to measure the mechan-
ical properties of the coatings because such a low load could
ensure that the deformation under the indentation tip is
controlled within the films and the substrate effect can be
avoided. The Vickers hardness HV is computed from the load/
unload displacement curves by adopting Oliver and Pharr
formula. In this step, as many as 20 indentations were
performed on each specimen.

One method for evaluating the properties of coatings inserts
is the measurement of flank wear. In the present test, the
resistance to abrasion was compared by continuous turning of
stainless steel (1Cr18Ni9Ti) with TNMG120408 style insert,
the cutting conditions were a cutting speed (vc) of 160 m/s, a
depth of cut (ap) of 2x 10 *m and a feed rate (f) of
2x107* m/r. Flank wear lands were measured using a
microscope in interval 2 min and the inserts were deemed as
failure when the wear lands exceeded 3 x 10™* m.

The impact resistance of coated inserts was investigated
using the interrupted cutting of carbon steel containing 0.45% C.
Coated inserts were tested under cutting conditions with
interrupted material removal, using a four-gutters machining
center and cylindrical workpieces. The nose of insert is
impacted four times at a cutting circuit. Calculating the nose
impact times expressed the impact resistance. The cutting
conditions were a rotation speed of 2.1 x 10* r/h, a depth of cut
(ap) of 2 x 10~* m, and a feed rate (f) of 2 x 10~* m/r. Nose
wear lands were measured using a microscope every 2 min. An
end-of-life criterion for the inserts was the nose wear exceed
0.5 mm.

3. Results

Figure 1 showed XRD patterns of the homogeneous and
gradient Ti(C, N) coatings. Both coatings possess polycrystal-
line diffraction peaks related to the face centered cubic
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Fig. 1 XRD patterns of homogeneous and gradient Ti(C, N) coatings
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structure. Compared with homogeneous Ti(C, N) coating, the
peak positions of gradient Ti(C, N) coating are shifted to higher
angle. It is notable that there is obvious orientational difference
between the two coatings. Table 1 shows texture coefficient of
two coatings. The texture coefficients of the different coatings
are calculated from their respective XRD peaks using the
following formula:

Texture coefficient = I(hkl)/[I(111) + 1(200)]

where Akl represents the (111), (200), or (220) orientations.
The texture coefficients of the (200) and (111) orientation in
the homogeneous Ti(C, N) coating are lower than that of the
gradient Ti(C, N) coating. However, the (220) preferred
orientation for the gradient Ti(C, N) coating is weaker
compared to that of the homogeneous Ti(C, N) coating.
Figure 2 shows the SEM images of fractured cross sections
of homogeneous and gradient Ti(C, N) coatings. Both coatings
have dense columnar structures with most of grains extending
from the interface to the surface. Secondary ion mass spect-
roanalyzer analysis show the relative content of C increases but

Fig. 2 SEM images of fractured cross sections of coatings. (a) Homo-
geneous Ti(C, N) coating and (b) gradient Ti(C, N) coating

Table 1 Texture coefficient of homogeneous and gradient
Ti(C, N) coatings

Texture coefficient 7%

Coating technology (111) (200) (220)
Homogeneous Ti(C, N) 0.8059 0.2700 1.9450
Gradient Ti(C, N) 1.28516 0.66343 1.06974
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Fig. 3 SIMS graphs of gradient Ti(C, N) coating
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Fig. 4 The progress of flank wears of coated inserts in continuous
turning stainless steel

N decreases in increasing coating thickness for gradient Ti(C, N)
coating (Fig. 3). The C content near the substrate sharply rises
from the C content in the cemented carbide substrate. A Ti-rich
transition layer formed during Ti ions pretreatment on the
substrate is also observed in the interface between the coating
and the substrate.

The measured nanohardness values for the homogeneous
Ti(C, N) and gradient Ti(C, N) coatings are 34.6 and 28.7 GPa
respectively. Compared to the homogeneous Ti(C, N) coating,
the nanohardness value for the gradient Ti(C, N) coating is
lower.

The metal cutting properties of coated tools are a function of
substrate, coating, and geometry of the cutting edge. For the
given metal cutting test, we kept the substrate and the geometry
constant. Therefore, the tool life differences observed in the test
should be only to the differences in the properties of the coated
materials and their adhesion to the substrate. Maximum flank
wear as a function of time at a cutting speed of 160 m/s in
turning stainless steel (1Cr18Ni9Ti) is shown in Fig. 4. The
properties of the homogeneous Ti(C, N) coated inserts were
superior to the gradient Ti(C, N) coated inserts.

Figure 5 demonstrates the tools lifetimes of the different
coated inserts in interrupted cutting of carbon steel containing
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Fig. 5 Tools life of coated inserts in interrupted machining of car-
bon steel containing 0.45% C

0.45% C at a speed of 350 r/min, which were determined by the
average impact times of inserts. The failure criterion for the
inserts was a critical size of wear land as mentioned in Section 2.
The average impact times of the inserts with the homogeneous
Ti(C, N) and gradient Ti(C, N) coats were 9800 and 6400 times,
respectively. Compared to the homogeneous Ti(C, N) coated
inserts under the same working conditions, the gradient Ti(C, N)
coated inserts achieve around 53% improvement.

4. Discussion

As shown in Fig. 1, the XRD spectra revealed a strong (111)
preferred orientation in the homogeneous and gradient Ti(C, N)
coatings (Fig. 1). In general, magnetron sputtering deposition is
a high energy process and evaporated titanium ions are believed
to have energies between 50 and 100 eV (Ref 19). In addition
to this intrinsic energy of titanium ions, the substrates were
negatively biased to —100 V during all depositions with the
effect of increasing ion energies even further. It is well known
(Ref 20) that TiN/TiC film formation under high ion energy
bombardment favors the growth of densely packed atomic
planes.

The texture coefficients of the (200) and (111) orientation in
the gradient Ti(C, N) coating are higher than those of the
homogeneous Ti(C, N) coating (Table 1). Moreover, the peak
position of the gradient Ti(C, N) coasting is shifted to higher
angle with respect to the homogeneous Ti(C, N) coating. The
shift in peak position of the gradient Ti(C, N) coating may be
due to lattice constant decreases arise from the partial
replacement of the titanium atoms in the TiN lattice by the
carbon.

It is also shown that the nanohardness value of the homo-
geneous Ti(C, N) coating is higher than that of the gradient
Ti(C, N). The hardness enhancement in the homogeneous
Ti(C, N) coating is due to the low carbon content. In addition,
the solution hardening in the homogeneous Ti(C, N) coating
may be contributing to the hardness enhancement.

The metal cutting test (Fig. 4) showed that the properties of
the homogeneous Ti(C, N) coated insert was superior to the
gradient Ti(C, N) coated inserts. The reason for this is the
higher hardness of the homogeneous Ti(C, N) coating.
However, the average impact time of the insert with the
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gradient Ti(C, N) coating is superior to the homogeneous Ti(C, N)
coating. This is due to the better adhesion with substrate of the
gradient Ti(C, N) coating suppresses microcracks initiation in a
certain extent compared with the homogeneous Ti(C, N) during
interrupted cutting. In addition, the gradient zone can absorb
the energy of cracks propagation and prevent the cracks from
propagating, which definitely improve cutting edge toughness
and impact resistance of the coated inserts. Thus, it is possible
that the homogeneous Ti(C, N) coated inserts are fit for turning
and the gradient Ti(C, N) coated inserts are fit for milling in
machining.

5. Conclusions

Both sputtered homogeneous and gradient Ti(C, N) coatings
have the face centered cubic structure and dense columnar
structures with most of grains extending from the interface to the
surface. The homogeneous Ti(C, N) coating exhibits higher
nanohardness than that of the gradient Ti(C, N). Moreover, the
homogeneous Ti(C, N) coated inserts have better wear resistance
than gradient Ti(C, N) coated inserts in continuous turning. But
the gradient Ti(C, N) coated inserts showed the better properties
in interrupted cutting. So we can choose the coating technology
in accordance with different machining state.
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