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Effect of cathodic arc PVD parameters on roughness of TiN coating on steel substrate
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Titanium nitride which is widely used as a hard coating material was coated on tool steel, by physical
vapor deposition method. Surface roughness was investigated as a function of deposition rate, substrate
bias and temperature, nitrogen flow rate and metal ion etching. The study showed that increase in surface
roughness mainly depends on the condition of sample preparation, surface treatment, macro-droplets,
pitting defects, rise in compressive stress at higher coating thickness, growth defects and to a lesser
extent selection of surface under testing. It was observed that chromium ion etching significantly reduced
the surface roughness compared to titanium ion etching.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction deposited on D2 tool steel by using cathodic arc physical vapor
Titanium nitride (TiN) thin films deposited by PVD technology
have a wide range of commercial application such as cutting tools
and artificial jewelry. In all such applications the smoothness of the
finished surface is of prime importance. In this context, the terms sur-
face finish and surface roughness are used very widely in industry
and are generally used to quantify the smoothness of a surface finish.

Surface finish could be specified through different parameters.
According to Lou et al. [1], roughness average (Ra) and root-mean-
square (rms) roughness (Rq) are the most widely used surface
parameters in industry. More recently, however other parameters
like surface roughness of the maximum profile height (Rp) and sur-
face roughness of the maximum profile valley depth (Rv) etc., have
also been used. In this study the first three parameters (Ra, Rp, Rq)
have been used to characterize TiN based hard coatings.
2. Experimental procedure

The objective of the present work is to study the influence of
processing parameters on the surface roughness of TiN coatings
ll rights reserved.

li).
deposition (CAPVD) technique. In this work, Titanium nitride
(TiN) single layer coatings have been deposited in a commercially
available HTC 625/2 ARC coating system, detailed description of
which is given elsewhere [2]. The deposition parameters studied
are given in Tables 1 and 2. A partial pressure of N2 (% N2) in gas-
eous mixture of argon and nitrogen used besides Ar and N2 gas
flow rates. The chamber was evacuated to a pressure of approxi-
mately 4 � 10�6 mbar and then back filled with nitrogen gas in
the range of �10�3 mbar. The complete deposition procedure has
been described earlier [2]. Surface roughness of uncoated and
coated samples was measured using a surface roughness tester
(Model-Surftest SJ-301, Mitutoyo) and an optical microscope was
used to see the surface of polished uncoated samples. Macro-drop-
lets, re-sputtered particles and the resulting pits and the growth
defects were studied using Field Emission Scanning Electron
Microscope (FE-SEM).
3. Results and discussion

The variation in the surface roughness for both uncoated and
coated samples was studied. In all cases, the average surface
roughness was measured at five different locations and results
were averaged. The baseline roughness of the D2 steel substrate
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Table 2
Deposition parameters of TiN on D2 tool steel.

Sample
code
(SC)

Ar gas
flow
rate
(sccm)

Pre-
bias
(�V)

Etching
time
(min)

Bias
voltage
(�V)

Substrate
temperature
(�C)

N2

flow
rate
(sccm)

Coating
time
(min)

9.1 0 0 0 50 300 250 90.00
9.2 50 1000 Ti for 8 50 300 250 90.00
9.3 50 1000 Ti for

16
50 300 250 90.00

9.4 50 1000 Cr for 8 50 300 250 90.00
9.5 50 1000 Cr for

16
50 300 250 90.00

Table 3
Surface roughness of TiN coatings measured via surface roughness tester.

Sample code
(SC)

D2 tool steel (ISO,
GAUSS)

Sample code
(SC)

D2 tool steel (ISO,
GAUSS)

Ra
(lm)

Rz
(lm)

Rq
(lm)

Ra
(lm)

Rz
(lm)

Rq
(lm)

Uncoated 0.03 0.26 0.04 7.1 0.41 3.93 0.60
5.1 0.62 7.31 0.94 7.2 0.37 4.13 0.55
5.2 0.40 4.59 0.63 8.1 0.37 4.39 0.58
5.3 0.28 3.50 0.45 8.2 0.27 3.26 0.44
5.4 0.28 3.43 0.44 8.3 0.31 4.16 0.49
5.5 0.21 3.18 0.38 9.1 0.15 2.72 0.29
6.1 0.55 4.54 0.78 9.2 0.27 3.72 0.45
6.2 0.37 3.99 0.54 9.3 0.33 4.59 0.50
6.3 0.45 4.78 0.68 9.4 0.19 3.46 0.31
6.4 0.22 3.38 0.41 9.5 0.20 3.49 0.32
6.5 0.22 3.27 0.41
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exists mainly because of the migration of tiny particles of SiC em-
ery paper into the sample during metallography process. Again,
these tiny particles of SiC increase the surface roughness of
TiN-coated samples. Uniformity in surface roughness within the
sample is affected due to large sample dimension. Removal of
the substrate material in the form of tiny particles during metallo-
graphic process also contributes to its roughness.

The most commonly used parameters for characterizing the
roughness of PVD coatings is the roughness average (Ra) [3,4], also
known as Arithmetic Average (AA). In the present study Ra, aver-
age maximum height of the roughness profile (Rz) and root-
mean-square (rms) roughness (Rq) are calculated; a detailed
description of which are given elsewhere [1,5].

Surface roughness parameters of uncoated and TiN-coated D2
tool steel are reported in Table 3 (SC 5.1–5.5); at various deposition
times. The end-process surface roughness (Ra) of the bottom spec-
imens, measured with a surface roughness tester, was about
0.03 lm. The surface roughness of the cathodic arc TiN-coated
D2 tool steel, defined by the Ra parameter, at various deposition
rates is within 0.62–0.21 lm range and is significantly higher than
in the case of the uncoated polished sample. The main limitation of
Ra is that it gives no indication of the surface texture, namely
macro-droplets and pitting defects that can have a significant
influence on the performance of the coating, particularly for wear
resistance applications [6].

It can be seen from the data tabulated in Table 3 shows that by
decreasing the deposition time from 120 to 30 min, the values of
surface roughness parameters Ra, Rz and Rq are gradually reduced.
This is mainly because of reduction in coating thickness and hence
in the growth defects. In Fig. 1, which displays the surface profile
for coating deposited for 90 min, the peaks above average centre
line (Ra) are because of the macro-droplets, whereas the peaks be-
low this line are because of the hollow spots and pitting defects,
from where the macro-droplets re-sputtered during the coating
stage. Additionally, the coatings deposited at higher deposition
time (higher coating thickness) were mainly associated with high-
er compressive stress and more surface defects that becomes a sig-
nificant factor to enhance the surface roughness of coated tool.

Surface roughness parameters of TiN-coated D2 tool steel are
reported in Table 3 (SC 6.1–6.5); at various substrate biases. The
maximum Ra value was noted for coatings deposited at zero bias
voltage, whereas, the minimum value was given by the coating
deposited at �150 V. A significant decrease in surface roughness
was thus noted by increasing the substrate bias from 0 to
�150 V, which is a consequence of increased substrate tempera-
ture, re-sputtering of titanium particles, and reduction in both
the size and amount of the macro-droplets. Moreover, the decrease
Table 1
Deposition parameters of TiN on D2 tool steel.

Sample code
(SC)

Argon gas flow rate
(sccm)

Etching time
(min)

Bias voltage
(�V)

Substrate
(�C)

5.1 50 5 50 300
5.2 50 5 50 300
5.3 50 5 50 300
5.4 50 5 50 300
5.5 50 5 50 300
6.1 50 5 0 300
6.2 50 5 25 300
6.3 50 5 75 300
6.4 50 5 100 300
6.5 50 5 150 300
7.1 50 5 50 450
7.2 50 5 50 150
8.1 50 5 50 300
8.2 50 5 50 300
8.3 50 5 50 300
in coating thickness causes a decrease in the compressive stresses.
An increase in the substrate bias enhances re-sputtering of Ti par-
ticles and hence decreases the film roughness; and vice versa.

The coating deposited at 450 �C (SC 7.1) showed higher value
(Ra = 0.41 lm) compared to the coating deposited at 150 �C
(SC 7.2), (Ra = 0.37 lm). This shows that increasing the substrate
temperature resulted in the smoothening out the film morphology.
This is an interesting observation and requires further investiga-
tion by the authors.

Surface roughness parameters of TiN-coated D2 tool steel are
reported in Table 3 (SC 8.1–8.3); at various nitrogen gas flow rates.
The roughness of the cathodic arc TiN-coated tool steel defined by
the Ra parameter is within the 0.37–0.27 lm range and is signifi-
cantly higher than for the case of the uncoated polished sample.
temperature Nitrogen gas flow rate
(sccm)

Deposition time
(min)

Cathode current
(A)

250 120.00 100
250 90.00 100
250 60.00 100
250 45.00 100
250 30.00 100
250 90.00 100
250 90.00 100
250 90.00 100
250 90.00 100
250 90.00 100
250 90.00 100
250 90.00 100
100 60.00 100
200 60.00 100
300 60.00 100



Fig. 1. Surface profile of TiN coating at thickness of �6.7 lm measured using a surface roughness tester (EVA-L = 4 mm, kc = 0.8 mm � 5).
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The surface roughness increase resulting from the deposition of the
TiN coatings could be attributed to the CAPVD process character
and explained as following:

1. Occurrence of the characteristic macro-droplets during etching
stage at all N2 gas flow rates.

2. Deposition of pure titanium droplets, originating from the sput-
tered target during the coating process, bigger in both size and
number at N2 gas flow rate of 100 sccm compared to 200 and
300 sccm.

3. Pits developing due to the titanium macro-droplets, which
leave the substrate surface, immediately after termination of
the coating process at all N2 gas flow rates.

4. The surface of the coatings demonstrates inhomogeneities con-
nected with shaped occurrences of the macro-droplets, which
re-sputtered during the coating process.

5. Growth defects with an increased effect at N2 gas flow rate of
300 sccm, originating probably from their sputtering when they
hit the substrate surface during the coating process and is due
to loss of ion bombardment energy, because of the high pres-
sures of nitrogen gas used.

The maximum Ra value (0.37 lm) was noted for coating depos-
ited at N2 gas flow rate of 100 sccm, whereas, the minimum value
was found at 200 sccm (0.27 lm). An increase in Ra value
(0.31 lm) at 300 sccm is due to rise in growth defects. These re-
sults are more encouraging than those of Harris et al. [6] who
found the roughness of the TiN coatings on HSS twist Drill, in-
creased from 0.104 to 0.116 lm as the chamber pressure decreased
from 1.2 to 0.1 Pa. Similarly, Golombek et al. [7] obtained mea-
Fig. 2. SEM surface micrograph of TiN coating showing macro-droplets and pitting
defects at N2 gas flow rate of 200 sccm.
sured surface roughness Ra, parameter value of 0.59 lm, TiN-
coated cement carbides using CAPVD technique.

The results of quantitative surface roughness parameters of
TiN-coated D2 tool steel are reported in Table 3 (SC 9.1–9.5); at
various metal ion etching rates. The roughness of TiN-coated
tool steel coupons defined by Ra parameter is within the
0.15–0.33 lm range and is significantly higher than in the case of
the uncoated polished sample. The maximum Ra value (0.33 lm)
was noted for coating where the Ti ion etching for 16 min. The sur-
face roughness increase during etching and coating stages can be
attributed, mainly due to the following factors:

1. Occurrence of the characteristic macro-droplets during etching
stage (except zero ion etching and less in the case of Cr ion
etching).

2. Deposition of the pure titanium droplets, bigger in both size and
number in the case of Ti ion etching and increased by increasing
Ti ion etching.

3. The surfaces of the coatings demonstrate inhomogeneities con-
nected with shaped occurrences of the macro-droplets, which
re-sputtered during coating process, which is more pronounced
for Ti ion etching.

Cr ion etching minimizes the surface roughness of the subse-
quent coatings [8,9] and similar results can be seen in the present
work. By increasing the Cr ion etching time from 8 to 16 min, a
slight increase in surface roughness is noted as can be seen in
Table 3.

The coating surface demonstrated non-homogeneities con-
nected with shaped occurrences of the droplet shaped and elon-
gated micro-particles, originating probably by their sputtering
when they hit the substrate surface during coating deposition pro-
cess, and can be seen in Fig. 2. Fig. 2 shows hollow spots and pitting
defects, considered detrimental factures of CAPVD Technique
[10,11].
4. Conclusions

From the present work, it can be concluded that surface rough-
ness mainly depends on nature of substrate and its surface, depo-
sition time, coating thickness, substrate temperature and bias
voltage, whether metal ion etching has been performed or not.
The surface roughness increase, resulting from deposition of the
TiN coatings should be attributed to the cathodic arc PVD process
character and occurrence of the characteristic macro-droplets.
Again, the variation in surface roughness is due to deposition of
the pure titanium droplet(s) originating from the target, and pits
developing due to the titanium micro-particles dropping out,
immediately after the coating deposition process is completed.
Chromium ion etching decreases significantly the surface rough-
ness compared to titanium ion etching in TiN coatings. By increas-
ing titanium ion etching, an increase in surface roughness was
recorded.
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