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A B S T R A C T

Two Ti(C,N) coatings were tested by means of micro abrasion and scratch testing. The coatings differed in grain
size, orientation (<111> and <111>, <311> and <211> respectively) and hardness (36 GPa and 23 GPa
respectively). The <111> oriented coating had a 20% higher wear resistance compared to the reference coating
when abraded with 1 μm diamonds. When abraded with 6 μm diamonds the abrasion resistance of the reference
coating was superior compared to the <111> oriented coating by 36%. Furthermore, it was found that the <111>
oriented coating had 35% better adhesion compared to the reference. The improved mechanical properties of the
<111> oriented coating was attributed to a high degree of orientation and the higher hardness.
1. Introduction

Surface modification by means of chemical vapor deposition (CVD)
has been used to enhance material properties for decades. CVD is
currently used in many different areas such as; electronics, photovoltaics,
optics and protective coatings. Hard protective coatings by CVD are
routinely used in the cutting tool manufacturing industry, where most of
the tools have a multi-layer coating system, often in the sequence: TiN-
Ti(C,N)-α-Al2O3. The TiN layer closest to the substrate serves to improve
the adhesion between coating and substrate. The main function of the
Ti(C,N) layer is to provide hardness and abrasion resistance. The,
α-Al2O3, provides a combination of chemical inertness, good oxidation
resistance and a high wear resistance.

Ti(C,N) is a solid solution of TiN and TiC, providing the benefits of
both materials, i.e. chemical stability and inertness from TiN and a high
hardness from TiC [1]. It has been shown that the carbon to nitrogen
ratio in Ti(C,N) has a great impact on the hardness of the material, where
a carbon rich Ti(C,N) is harder [2–5]. The grain size is another aspect that
affects the hardness. It is well known that a more fine grained coating will
increase the hardness. Additionally, it has been shown that the hardness
of a cubic material is dependent on the crystallographic orientation of the
material and is therefore not isotropic. It was shown that a <111> ori-
ented TiC single crystal showed a more homogeneous hardness than
single crystals of other orientations [6,7]. This suggests that a <111>
oriented coating may have improved mechanical properties compared to
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other orientations. It has been shown that by tuning the crystallographic
orientation and morphology of CVD deposited Ti(C,N) from a <211>
texture with fine grains to a <111> texture with large (>3 μm sized)
grains, the coating hardness could be increased significantly [8].

One of the main wear mechanisms for a cutting tool is abrasive wear,
where hard inclusions in the work piece material act as abrasive particles
on the tool [9]. The abrasion resistance is greatly improved by applying a
coating having a higher hardness than the compound hardness of the
cemented carbide substrate [10]. It is therefore not surprising that by
optimizing the coating orientation with respect to hardness will increase
the resistance to abrasive wear [11,12].

Apart from the wear resistance of the coating, the lifetime of a cutting
tool is strongly dependent on the adhesion between the tool and the
coating, where a poor adhesion is detrimental for tool life. Scratch testing
is a commonly used technique for testing adhesion of hard coatings. In
previous studies it was shown that several aspects influenced the tool-
coating adhesion i.e. coating thickness, substrate hardness, coating
hardness and coating – indenter friction coefficient etc. [13–15].

The mechanical properties, such as hardness, adhesion and sliding
wear resistance, of Ti(C,N) coatings grown by different techniques have
been studied [16]. Commercially available CVD Ti(C,N) showed a similar
wear resistance as Ti(C,N) layers deposited by PVD techniques, despite
having a lower hardness [16]. This shows that the hardness of the coating
is not the only factor influencing the wear resistance. The microstructure,
orientation, grain size and surface morphology of the coatings will also
ember 2017
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affect the wear resistance [17,18].
CVD Ti(C,N) deposited at conditions described in Refs. [16,19] are

typically <211> orientated and have a ridge like grain morphology
[2–4,20,21]. The resistance to flank and abrasive wear of<211> oriented
Ti(C,N) were improved by reducing the grain size, increasing the carbon
content and a higher degree of <211> orientation [4]. There is no study
available where CVD-Ti(C,N) coatings of different orientations having
the same composition are compared. In this investigation the mechanical
properties of highly <111> oriented Ti(C,N) with large grains was
compared to a fine-grained Ti(C,N) reference coating with multiple ori-
entations, i.e. <111>, <311>, <211> and <511>.

2. Material and methods

2.1. Materials

Two Ti(C,N) coatings of the same composition, Ti(C0.6,N0.4)0.8 but
with different crystallographic orientation were deposited by CVD to a
thickness of about 6 μm, for deposition conditions see Table 1. The
coating, hence forth known as the <111> oriented coating, had a hard-
ness of 36 GPa and was entirely <111> orientated with large grains
(>3 μm). The reference coating, had several orientations (<111>, <311>
and <211>) and a smaller grain size (<0.5 μm). The hardness of the
reference coating was 23 GPa. The hardness of both coatings was
measured by nanoindentation. The stress states were similar to those
found in a previous report of similar coatings [8]. The Ti(C,N) coatings
investigated in the present study were deposited using a Bernex 530
hot-wall CVD reactor. 10 � 10 � 0.5 mm polished single crystal c-sap-
phire supplied from MTI Corp was used as substrates.

2.2. Characterization methods

2.2.1. Rocking curve measurements (ω-scans)
Rocking curve measurements were conducted in order to determine

the degree of orientation for each coating. A Philips MRD X-pert
diffractometer equipped with a primary hybrid monochromator and
diffracted beam mirror, Cu-Kα radiation was used in the measurements.

2.2.2. Micro abrasion
Micro abrasion tests were performed using a Gatan 656 dimple

grinder equipped with a stainless steel wheel (r ¼ 10 mm) applying a
constant load of 0.2 N and a rotation speed of 100 rpm. A diamond slurry
of 1 and 6 μm diamond particles respectively (Kemet® Liquid diamond
Type WX XStr) were used. In order to keep the resulting craters within
the thickness of the coatings, the grinding time was set to 5 s. Five craters
for each particle size were made on each coating. The diameter of the
craters was measured using an optical microscope. The global wear
volume (Vg) and the wear rate (κ) was calculated using the following
equations [22,23]:

Vg � πb4

64R
ðfor b< <RÞ (1)

SL ¼ Vg

κ
(2)

Where b is the outer diameter of the crater, R is the radius of the
wheel, S is the sliding distance of the wheel and L is the normal load.
Table 1
Deposition parameters for both coatings, deposition time, total pressure and temperature was 5

Coating H2 partial pressure (kPa) N2 partial pressure (kPa) TiC

<111> oriented Balance 0.98 0.1
Reference Balance 0.98 0.1
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2.3. Scratch testing

The cohesive strength and adhesion of the coatings were investigated
using a Micro scratch tester (Anton Paar Revetest) equipped with a
200 μm Rockwell C diamond stylus and applying an increasing load from
1 to 50 N over a scratch length of 3 mm with a linear load increase.

Further scratch testing were performed using a 10 μm Rockwell C
diamond stylus. For the 10 μm stylus the load was varied between 1 and
5 N and the scratch length was 3 mm applying a linear load increase.
2.4. Microstructure and surface analysis

The microstructure and surface morphology of the tested coatings
were analyzed using a Zeiss-Merlin high resolution scanning electron
microscope (SEM) operating at a 3 kV accelerating voltage. Optical im-
ages were acquired using a Alicona infinite focus microscope. The Ra
surface roughness of the coatings was measured using a WYKO NT1100
optical profilometer.

3. Results

3.1. As-deposited material

The surface morphology of the investigated coatings is shown in
Fig. 1. Where the <111> oriented coating has large and flat grains
(Fig. 1a) and the reference coating with several crystallographic orien-
tations have small ridge like grains (Fig. 1b). The Ra surface roughness
was 140 nm for the <111> oriented coating and 20 nm for the refer-
ence coating.

The degree of orientation of the coatings was evaluated by ω-scans,
see Fig. 2. The <111> oriented coating had a ω full width at half
maximum (FHWM) measured on the (111) peak of 0.3�, see Fig. 2a. No ω
peaks were observed for any of the other planes, showing that the coating
was entirely <111> orientated. The reference coating had several crys-
tallographic orientations. The strongest peaks came from the (111), (311)
and (422) planes with a FWHM of 1.4, 5.0 and 4.2�, respectively, see
Fig. 2b–d. This shows that the <111> oriented coating is singly oriented
with a small FWHM while the reference coating show multiple orienta-
tions where each orientation has a larger FWHM compared to the <111>
oriented coating.
3.2. Micro abrasion

Analysis of crater volumes and wear rates by optical microscope are
presented in Fig. 3. The <111> oriented coating had a 20% smaller
crater volume compared to the reference coating when using 1 μm par-
ticles. The crater volume was 36% larger for the <111> oriented coating
when using 6 μm particles. The micro abrasion is showing a lower wear
rate for the <111> oriented coating for the test with 1 μm diamond
particles compared to the reference. The relationship is the opposite
when using 6 μm diamond particles, where the <111> oriented coating
had a higher wear rate than the reference coating.

Figs. 4 and 5 show analysis of the crater center after initial contact.
Micro cutting and micro chipping were identified as the dominating
abrasive wear mechanisms. Micro cutting is a result of diamond particle
cutting the coating, whereas microchipping is a result of cohesive failure
in micro scale within the coating. The abrasion using 1 μm diamonds is
shown in Fig. 4. The <111> oriented coating show a surface where minor
h, 8 kPa and 860 �C respectively for both coatings.

l4 partial pressure (kPa) CH3CN partial pressure (kPa) Total flow (l/min)

1 0.05 82
9 0.05 82
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Fig. 2. ω-scan FWHM of: a)<111> oriented coating (111) peak, b)Reference coating (111) peak, c) Reference coating (311) peak, d) Reference coating (422) peak.

Fig. 3. Summary of results from micro abrasion tests for the coatings: a) wear crater volume b) abrasive wear rate.

Fig. 1. SEM top view micrographs of the as-deposited coatings: a) <111> oriented coating, b) reference coating.
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micro cutting as well as micro chipping has been the main wear mech-
anisms, see Fig. 4a. It should be noted that parts of the pristine surface
topography for the <111> oriented coating is still visible after initial
wear. On the contrary, the pristine surface topography of the reference
595
coating is completely obliterated, see Fig. 4b. As such, the reference
coating show a more pronounced micro cutting with larger scratches and
micro chipping to a small extent.

Abrasion using larger particles increases the deformation depth and



Fig. 5. SEM micrograph from the center of the craters for coatings after initial contact (1 s using 6 μm diamonds: a) <111> oriented coating b) reference coating.

Fig. 4. SEM micrograph from the center of the craters for the coatings after initial contact (1 s) using 1 μm diamonds: a) <111> oriented coating b) reference coating.
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gives a more aggressive contact. As a result the <111> oriented coating
show an extensive wear from micro chipping when abraded with 6 μm
diamond particles, see Fig. 5a, whereas the micro cutting still is limited.
The reference coating exhibit a higher degree of plastic deformation
(ploughing) with extensive micro cutting and mild micro chipping,
see Fig. 5b.

In summary, the micro abrasion tests show that the <111> oriented
coating has a higher resistance to abrasive wear when 1 μm diamond
particles are used. However, when 6 μm diamond particles are used the
reference coating performs better.
3.3. Scratch testing

3.3.1. 200 μm stylus
Two critical loads were determined for each coating: Lc1, corresponds

to the onset of crack formation and Lc2, corresponding to the onset of
continuous coating spalling. Lc1 was determined through acoustic
emission (AE) in the scratch tester and Lc2 was determined by mea-
surements in the SEM.

The AE signal from scratch testing for the <111> oriented coating is
shown in Fig. 6a, where it can be seen that the Lc1 for this coating is
10 N ± 0.6 N. This force corresponds to a sliding distance of roughly
0.6 mm. An optical overview image of the wear track is shown in Fig. 6b
where the zones for Lc1 and Lc2 are marked. At Lc1, shown in Fig. 6c the
grains were not deformed, although cracks were formed. At Lc2, which
occurs at 37 N ± 1.4 N according to Fig. 6d, the coating has spalled off the
substrate and severe deformation can be seen in the wear track. Cracks
are extending outside the wear track. The average friction between the
stylus and the coating surface was determined to 0.11. The friction was
determined in the area where no significant changes in AE occurred, i.e.
0–0.2 mm sliding distance.

For the reference coating with multiple orientations Lc1 was deter-
mined to 8 N ± 0.5 N, see Fig. 7a by AE, corresponding to a sliding dis-
tance of 0.5 mm. An optical overview image of the scratch is presented in
Fig. 7b where two areas are marked, corresponding to Lc1 and Lc2. At Lc1,
see Fig. 7c the coating is heavily plastically deformed in the wear track
and cracks appear both inside and outside the wear track. At Lc2, see
Fig. 7d, the coating has spalled from the substrate and cracks are
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extending out from the wear track. Lc2 occurred at 27.5 N ± 0.33 N,
corresponding to a sliding distance of 1.6 mm. The average friction be-
tween the stylus and the coating surface was determined to 0.12. The
friction was determined during the first 0.2 mm where no changes in the
AE occurred.

3.3.2. 10 μm stylus
Scratch testing using a 10 μm stylus gives a more superficial contact

but also a higher deformation rate than a 200 μm stylus does. Hence the
cohesive strength of the coating is measured to a greater extent. The
results from the scratch tests using the 10 μm stylus are presented in
Fig. 8. The <111> oriented coating exhibited delamination after roughly
1.4 mm, corresponding to a normal load of 2.3 N, see Fig. 8a. This is
significantly higher than the reference coating which delaminates after
roughly 1 mm, corresponding to a normal load of 1.7 N, see Fig. 8b.
Fig. 8a and b shows that the reference coating had a much more severe
cracking behavior outside the wear track indicating a lower cohesive
strength of this coating.

4. Discussion

The two investigated CVD-Ti(C,N) coatings differed significantly in
their tribological properties. In this investigation the <111> oriented
coating showed superior properties in the scratch test and the abrasion
test when using 1 μm diamonds.

The better abrasion resistance for the <111> oriented coating using
1 μm diamonds can be attributed to the higher hardness of this coating
compared to the reference coating, leading to a lower degree of micro
cutting which is the dominating wear mechanism. The reversed rela-
tionship for the abrasion using 6 μm diamonds is most likely caused by
the extensive micro chipping for the <111> oriented coating. This can be
explained by considering the relationship between the coating grain size
and abrasive particle size. The reference coating has a grain size around
500 nm, i.e. significantly smaller than both abrasive particle sizes, thus
similar wear mechanisms were observed in both tests. On the contrary,
the <111> oriented coating had a grain size of several microns, which
means that a change from 1 μm to 6 μm particles to a large extent change
the relationship particle-coating grain size. Small particles cut the surface



Fig. 6. Scratch test of the <111> oriented coating: a) representative AE signal, b) optical micrograph overview of the 3 mm wear track positions for Lc1 and Lc2 marked in the image, c)
SEM micrograph of the wear at Lc1, d) SEM micrograph of the wear at Lc2.
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in a smooth manner but the larger particles having about the same size as
the coating grains will cause a pronounced micro chipping where entire
grains from the coating are removed. Furthermore, the rougher surface of
the <111> oriented coating (140 nm) compared to the reference coating
(20 nm) could further explain the difference in micro chipping. Diamond
Fig. 7. Scratch test of the reference coating: a) representative AE signal, b) optical micrograph
micrograph of the wear at Lc1, d) SEM micrograph of the wear at Lc2.
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particles are more likely to be stuck in between the large grains of the
<111> oriented coating and thereby will a high shear stress be generated
locally. Micro chipping is a more aggressive type of wear than micro
cutting, resulting in an increased wear rate for the <111> oriented
coating in the test using 6 μm diamonds.
overview of the 3 mm wear track positions for Lc1 and Lc2 marked in the image, c) SEM



Fig. 8. Scratch tests using 10 μm stylus. Images taken at first continuous spalling: a) <111> oriented coating after 1.4 mm sliding, b) reference coating after 1 mm sliding.
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The origin of the cracking behavior of the <111> oriented coating is
somewhat counter intuitive, as harder ceramic materials normally
exhibit cracking to a greater extent than softer equivalents [24]. The
greater load bearing characteristics of the harder coating lowered the
penetration depth of the diamond stylus. This prevented the diamond
stylus from penetrating deep in to the coating. Therefore, the onset of
crack formation started at a higher load than for the softer reference
coating. This can partially explain the improved crack resistance. The
reference coating changed the crystallographic orientation during
growth. During initial growth it had a <111> orientation but switched to
<311>/<211> at a later stage, thereby creating an orientation interface
in the coating [8,25,26]. This interface can act as a mechanically weak
area within the coating and lower the onset for crack formation and
coating spalling. It should also be noted that the <111> oriented coating
not only had a better cohesive strength but also better adhesion to
the substrate.

A coating with a higher degree of orientation (small ω) has a lower
degree of misorientation across grain boundaries, thus making the grain
boundaries stronger. A low degree of misorientation between two grains
will make it easier to deform the material over the grain boundaries
without formation of cracks, thereby increasing the cohesive strength
andmaking such a coating less prone to crack. Furthermore, the observed
difference in surface roughness is not likely to affect the results in the
scratch test as the radii of both indenters are orders of magnitude larger
than the roughness. This is demonstrated by the small difference in
friction coefficient between the coatings during the scratch testing (0.11
and 0.12 for <111> oriented and reference respectively). Assuming that
the tip radii of the diamond particles used in the micro abrasion is
significantly smaller than that of the indenters used in the scratch testing
the micro abrasion tests are more likely to be affected by the surface
roughness. This can explain the difference in chipping behavior between
the abrasion testing and the scratch testing where the scratch indenters
deform several grains at a time and thereby benefiting to a greater extent
from the higher degree of orientation compared to the diamond particles
in the abrasion tests.

In previous studies, a state of compressive stress has been shown to
increase the hardness and crack resistance of a coating [27,28]. However,
the stress states measured in a previous study indicates that the differ-
ence between the coatings is most likely too small to be the sole
contributor to the differences in mechanical properties [8]. In summary,
present results show that the <111> oriented coating has a combination
of high resistance to abrasive wear, high coating cohesion and good
adhesion. However, in contacts where micro chipping is the dominating
wear mechanism the <111> oriented coating was worn out rapidly.

5. Conclusions

In this study two 6 μm thick Ti(C0.6,N0.4)0.8 coatings of different
orientation, microstructure and hardness were tested with respect to
abrasion resistance, crack resistance/coating cohesion and adhesion. The
tribological properties were evaluated by abrasion using 6 and 1 μm
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diamond slurries and scratch testing using 200 μm and 10 μm Rock-
well indenters.

It was found that the <111> oriented coating exhibited a 20% better
resistance to abrasive wear compared to the reference coating with
multiple orientations when abraded using 1 μm diamonds. For the
abrasion using 6 μm diamonds the reference coating had a 36% better
resistance to abrasive wear, due to extensive micro chipping of the
<111> oriented coating. Furthermore, the <111> oriented coating
exhibited superior resistance to crack formation (25%) and improved
adhesion (35%) compared to the reference coating. Hence, the <111>
oriented coating shows a noteworthy combination of both high hardness
and high toughness.

The superior mechanical properties of the <111> oriented coating
were attributed to the higher degree of orientation and higher hardness
compared to the reference coating. It follows that with a higher degree of
orientation comes a higher grain boundary cohesion that improves the
grain boundary strength, which further serves to improve the mechanical
properties.
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