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bstract

In the present study, titanium nitride (TiN) films were deposited on high-speed steel (HSS) by using cathodic arc physical vapour deposition
CAPVD) technique. The main drawback of this technique, however, is the formation of macrodroplets (MDs) during deposition, resulting in films
ith rougher morphology. The presence of MDs in CAPVD process is a serious problem during practical tooling applications. The goal of this

tudy was to examine the effect of ion etching with and without titanium (Ti) and chromium (Cr) on the properties of TiN coatings deposited
n HSS. Various standard characterization techniques and equipment, such as electron microscopy, atomic force microscopy, hardness testing
achine and surface roughness tester, were used to analyze and quantify the following properties and parameters: surface morphology, thickness,
dhesion and hardness of the deposited coatings. The coatings deposited with Cr ion etching for 8 and 16 min show half the hardness compared to
he samples etched with Ti for similar etching times. Both coating thickness and indentation loads influenced the hardness of the deposited coating.
r ion etching significantly reduced the surface roughness and hardness compared to Ti ion etching.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Surface coating techniques with surface pre-treatment offer
he possibility of modifying the surface properties of a compo-
ent, and thereby achieving improvements in both performance,
nd reliability. Most of the coating applications demand common
equirement for acceptable performance of coated components
nd that is sufficient level of coating/substrate adhesion, an
mprovement in hardness with decreased surface roughness.

Titanium (Ti)-based hard coating is widely used in tools,
ies and mechanical parts to enhance their lifetime and per-
ormance due to its attractive properties such as high hardness,
igh wear resistance and chemical stability. Among these coat-
ngs, titanium nitride (TiN) is widely used in tools and other hard

urfaces.

It has been demonstrated that the metal ion bombardment
avors local epitaxial film growth, which enhances adhesion
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etween coating and substrate [1]. Additionally, the Cr ion etch-
ng minimizes the surface roughness of the subsequent coatings
2]. Münz et al. [2] studied the effect of ion etching with target
aterials Al, Cu, TiAI, Ti, Zr, Cr, Nb and MO, and found that

he number and size of droplets depend on the melting point of
he metals used during ion etching.

Even though the effect of ion etching has been studied
ong time ago but to have a better understanding and in depth
nowledge a critical study is important to analyze and measure
he microstructure, surface morphology, surface roughness and
ardness of the TiN coatings deposited on HSS substrates.

. Experimental procedure

Titanium nitride films were deposited on HSS discs (diame-
er: 10 mm; thickness: 6 mm) using the Hauzer Techno Coating

HTC) 625/2 ARC coating system. The complete deposition
rocedure with metallography process has been described ear-
ier [3]. A summary of the etching and deposition parameters
an be seen in Tables 1a and 1b. During deposition process, one
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Table 1a
Parameters for ion etching process

No. Rotation speed (%) Pre-bias (V) Ar gas flow rate (sccm) Arc current Ti cathode (A) Arc current Cr cathode (A) Ion etching time (min)

1 60 0 0 0 0 0
2 60 −1000 50 100 0 8
3 60 −1000 50 100 0 16
4 60 −1000 50 0 100 8
5 60 −1000 50 0 100 16

Table 1b
Parameters for deposition process

No. Rotation speed (%) Substrate bias (V) Nitrogen gas flow rate (sccm) Arc current (A) Substrate temperature (◦C) Deposition time (min)

1 60 −50 250 100 300 90
2 60 −50 250 100 300 90
3 60 −50 250 100 300 90
4
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arget was fully dedicated for etching and one for the coating
rocess.

The aim of this work is to present the results of an investi-
ation about the effect of metal ion etching on the properties of
iN coatings deposited on HSS using CAPVD technique (ran-
om arc). For this purpose, surface morphology and interface
tudies were done using field emission scanning electron micro-
cope (FE-SEM; Model LEO-1525). The thickness and adhesion
f the deposited coatings was measured using FE-SEM (cross-
ections). The elemental composition of coated and uncoated
amples was analyzed using energy dispersive X-rays (EDX).
he hardness of uncoated and coated samples was measured
sing a micro-Vickers hardness testing machine (Model-H31,
itutoyo). The surface roughness of the samples was deter-
ined using a surface roughness tester (Model-Surftest SJ-301,
itutoyo) and atomic force microscope (AFM) (Model: SPM-

500J2, Shimadzu Corporation).

. Results and discussion

.1. Scanning electron microscopy with energy dispersive
-rays

SEM micrographs without and with Ti and Cr metals ion
tching are shown in Fig. 1. From Fig. 1(a), it was observed that
ithout metal ion etching, the surface occupies very few and

mall particles, which protrude through the growing film at the
ime of deposition. When the Ti ion etching increased to 16 min,
large amount of bigger size particles was observed, as shown

n Fig. 1(b). These macro-sized particles produced during the
tching phase. This could be said because Fig. 1(a and b) has
he same deposition history, except metal ion etching, i.e. 0 and
6 min. In Fig. 1(c), the surface microstructure changed because
f the Cr ion etching. In Fig. 1(c), the droplets size is smaller

han in Fig. 1(b). It is because of the high melting temperature
nd vapour pressure of Cr target as compared to Ti target. Fur-
hermore, Fig. 1(c) looks “Wax of Bee Web” with small particles
istributed on the surface at various locations. The origin of that

f
S
t
d

100 300 90
100 300 90

hape was Ar+ bombardment during metal ion etching and could
ot be seen without ion etching (Fig. 1(a)). From the physical
ppearance of the coated samples, it was also observed that the
oating deposited without and with 8 and 16 min Cr ion etching
ave golden colour, whereas the coating deposited with 8 and
6 min Ti ion etching have dark golden colour.

Cr ion etching could decrease significantly the surface rough-
ess in TiN coatings. Fig. 1(c) show smooth surface compared
ith rough surfaces (in Fig. 1(b)) when Ti ion etching. The

eason is that, Cr has smaller radii and higher vapour pressure
ompared to Ti atoms.

Münz et al. [2] suggested that the majority of MDs are pro-
uced during the etching stage and designated ‘droplets’, as
hown in Fig. 1(b) and the part of the present work, whereas dur-
ng the deposition process they are known, as ‘growth defects’
shown in Fig. 1(a)). The dark light and hallow spot in Fig. 1
how some of the re-sputter particles and pitting defects on the
oating surfaces, as considered detrimental features of CAPVD
echnique [4,5]. The density and average sizes of droplets and
raters were lower in the steered-arc sample than in the ran-
om arc sample [6]. Mustapha and Howson showed that the
iN films examined by SEM deposited by reactive filtered arc
vaporation, showed a fine crystalline structure with small grain
ize of 20–30 nm [7]. Moreover, Fig. 1 shows SEM photograph
f spherical and non-spherical macroparticles. From the above
iscussion, the macroparticles might have their roots in the HSS
ubstrate and lay through the TiN film. Because most of the

Ds are apparently different in the case of metal ion etching as
ompared to droplets observed on the surface of the film during
ithout metal ion etching.
A physical analysis of thickness of the deposited coating for

6 min Ti ion etching is shown in Fig. 2. The qualitative analy-
is of adhesion between the substrate and coating material can
lso be seen via cross-section in Fig. 2, which is dense, uni-

orm, and well adhered with the base material. Fig. 3 represents
EM surface micrograph at higher magnification revealing that

here is no vacant space to adjust the further atoms within the
eposited coating, even for those particles having minimum size.
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perature, smoothing out the film surface with the re-sputtering,
Fig. 1. SEM micrographs of TiN coating (a) without ion etching

he macroparticles, evaporated from the source, become nega-
ively charged by interacting with the electrons, as the latter are
ore mobile than the plasma ions. The repulsive force between
he charged macroparticles and the negatively biased substrate,
esults in increased adatom mobility at the surface and a uniform
eposition. Again, because of the negative bias, the plasma ions

ig. 2. SEM cross-sectional image showing thickness and adhesion of TiN
oating at Ti ion etching for 16 min.

f

d

F

at Ti ion etching for16 min and (c) at Cr ion etching for 16 min.

trike the substrate surface with higher energy, raising its tem-
rom the non-uniform areas of the coating.
The use of the macrodroplet filter reduced the quantity and

imensions of titanium droplets in the TiN coatings deposited

ig. 3. SEM micrograph at Ti ion etching for 16 min (magnification = 3000×).
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Table 2
Elemental composition of TiN coating via EDX

Ion etching (min) Thickness (�m) N (wt.%) Ti (wt.%) Cr (wt.%) N (at.%) Ti (at.%) Cr (at.%) Total

0 3.850 15.02 84.98 0 37.68 62.32 0 100
Ti for 8 4.109 13.98 86.02 0 35.72 64.28 0 100
Ti for 16 4.354 9.07 90.93 0 25.44 74.56 0 100
Cr for 8 3.903 14.22 84.50 1.28 36.21 62.91 0.88 100
C 1.59 33.49 65.39 1.12 100
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r for 16 3.975 12.82 85.59

8]. The quantity of the droplet phase in the TiN coatings
ecreased together with the increase in the nitrogen gas flow
ate; as well as coatings roughness parameters [3,9]. Table 2
epresents the elemental composition of various deposited coat-
ng by EDX. From Table 2, it can be concluded that by increasing
i ion etching, atomic and weight percentages of Ti increased,
hereas for coating deposited at Cr ion etching, a small amount
f Cr is also observed, as an indication of Cr ion etching dur-
ng etching phase. A line scan of Fig. 1(b) was also shown in
ig. 4(a), taken during EDX, representing the behaviour of coat-

ng composition between two points of deliberatively selected
ine, showing the trend of elemental composition behaviour in
iN coating.

.2. Hardness

Substrate hardness and coating hardness were measured
sing a micro-Vickers hardness testing machine and can be seen
n Table 3. Microhardness of the uncoated HSS substrate was
bout 268 HV0.05. After being coated with TiN, the microhard-
ess increased to about 1577 HV0.05 (Ti ion etching for 16 min),
hich is about 600% of the hardness of the uncoated one. The

oating deposited at Cr ion etching for 8 and 16 min showed half
he hardness compared to the sample etched at Ti ion etching for
6 min (even less than the coating deposited at zero metal ion
tching). The increase in hardness for titanium-etched coatings
s mainly because of the formation of TiC phase, which is shown
n Fig. 4(b). The effect of indenter load on hardness can be seen
n Table 3, as the load increased from 50 to 100 g, the hardness
f coating decreased about 100 in all coatings.

According to the Hall-Petch relationship [10], the micro-
ardness varies linearly with the inverse square root of the

rain diameter. The enlargement in the crystallite size may
e interpreted because of increasing adatom mobility induced
y increasing ion energy [8]. As the crystallite size decreases,
he number of grain boundaries increases inversely; therefore

c
h
w

able 3
urface roughness and micro-Vickers hardness

o. Ra (ISO 97, Gauss) �m Rz (ISO 97, Gauss) �m

1 0.02 0.23
2 0.14 3.06
3 0.25 3.29
4 0.30 3.69
5 0.19 2.78
6 0.19 2.64
ig. 4. (a) A line scan of Fig. 1(b) showing qualitative EDX analysis and (b)
DX analysis of TiN coating with carbon.

he dislocation motions by crystallite boundaries may cause an
ncrease in the hardness of the films with smaller crystallite size.

SEM picture shown in Fig. 3, using In Lens Signal during SEM
urface studies strengthens the above-mentioned statement.
When the indent load is decreased, the surface hardness of the
oating assembly is significantly increased. In fact the measured
ardness is not only associated with the substrate effect but also
ith the influence of the hard TiN coating [11].

Rq (ISO 97, Gauss) �m HV0.05 (gram) HV0.1 (gram)

0.03 268 305
0.29 1302 1198
0.40 1401 1300
0.46 1577 1475
0.32 795 685
0.30 780 674
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Table 4
Surface parameter values of TiN-coated HSS at various metal ion etching

Parameters Metal ion etching (min)

0 Ti for 8 min Ti for 16 min Cr for 8 min Cr for 16 min

Ra (nm) 20.95 65.2 133.9 46.2 47.06
Ry (nm) 403.03 594.1 911.0 541.7 537.96
Rz (nm) 322.95 421.4 428.6 371.8 367.64
Rms (nm) 36.12 87.8 169.1 62.1 61.59
R 523.8 348.4 310.23
R 387.2 193.3 227.73

3
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2

p (nm) 290.73 378.9

v (nm) 112.30 315.4

.3. Surface roughness tester

The results of quantitative surface roughness test via sur-
ace roughness tester on uncoated and coated HSS coupons are
iven in Table 3. The roughness of TiN-coated HSS coupons
efined by Ra parameter is within the 0.14–0.30 �m range and
s significantly higher than in the case of the uncoated polished
ample, i.e. 0.02 �m. The maximum Ra value was noted for coat-
ng where the Ti ion etching for 16 min. The surface roughness
ncrease during etching and coating stages can be attributed to
he following factors:

. Occurrence of the characteristic MDs during etching stage

(except zero ion etching and less in the case of Cr ion etching).

. 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.

F
i

Fig. 6. Surface profiles of TiN coating (EV
ig. 5. Average roughness of uncoated and TiN-coated HSS coupons (a) without
on etching, (b) Ti ion etching for 16 min, and (c) Cr ion etching for 16 min.

A-L = 4 mm, λc = 0.8 mm × 5 mm).
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Fig. 7. AFM images (a) without ion etching (b) at Ti

. Pits developing due to the titanium MDs, which dropping
out from the substrate surface, immediately after finishing
the coating process.

. Growth defects originating probably during sputtering when
the particles hit the substrate surface at the time of coating
process.

Therefore, the surfaces of the coatings demonstrate inhomo-
eneities connected with shaped occurrences of the MDs, which
e-sputtered during coating process, more pronounced for Ti ion
tching.

Harris et al. [9] calculated the roughness of the TiN Coatings
n HSS twist Drill, and found that it increased from 0.104 to
.116 �m as the chamber pressure decreased from 1.2 to 0.1 Pa.
olombek et al. [12] measured surface roughness Ra, parame-

er value 0.59 �m, TiN-coated cement carbides using the CAE
echnique.

A line bar graph between surface roughness (Ra) and metal
on etching can be seen in Fig. 5. A surface profile for sample
ncoated and TiN-coated HSS can be seen in Fig. 6. Cr ion etch-
ng minimizes the surface roughness of the subsequent coatings
2] and similar results can be seen in term of surface roughness.
.4. Atomic force microscopy (AFM) studies

Prior to the investigations of TiN coatings, the excellent per-
ormance of the AFM was confirmed by imaging a standard

t
t
p
a

ching for 16 min and (c) at Cr ion etching for 16 min.

ample for calibration provided by the manufacturer. We only
elected typical AFM images consisting of well-defined scan
rea 10 �m × 10 �m morphology.

Fig. 7(a) shows the clear indication of reduction in MDs with-
ut metal ion etching. Fig. 7(b) shows large quantity of MDs,
hereas Cr ion etching shows very small particles in both size

nd number. These figures clarify that Fig. 7(b) is about Ti ion
tching, whereas Fig. 7(c) about Cr ion etching.It was noted from
able 4 that the minimum value of Rms was noted 36.12 nm, for

he coating deposited at zero metal ion etching and the maximum
alue 169.1 nm for the coating deposited with Ti ion etching
or 16 min with the surface roughness 20.95 nm and 133.9 nm
espectively. A rough estimation about the surface roughness can
lso be made directly from Fig. 7, where Z-max = 300.09 nm (a),
26.72 nm (b), and 471.75 nm (c).

Ion bombardment effectively changes the film morphology,
s shown in Fig. 7. One of the problems with ion bombardment
s that if not properly controlled, a surface with inadequately
emoved impurities, and degraded surface morphology, due to
he induced surface layer peeling, may develop. In our case, we
bserved that ion etching led to increased MDs concentration
Fig. 7(b)). Further investigations, of the raw substrate and the
on-bombarded substrate, by AFM revealed (Fig. 7(a and b))

hat these microstructures are different from the film MDs in that
hese were non-spherical. With their origin in the substrate, they
rotruded out of the subsequently deposited film and appeared
s MDs instead of microdroplets!
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. Conclusions

SEM analyses showed that all the films had dense structures
ith clearly defined substrate–film interfacial layers. From the
hysical appearance of the coatings, the coating colour change
rom golden for those deposited without and at Cr ion etching
nd to dark golden deposited at Ti ion etching. Cr ion etching
ecreases significantly the surface roughness as well as hard-
ess whereas, for Ti ion etching, the behaviour is reversed. The
ubstrate contribution to the hardness increases with decreasing
oating thickness. The coatings deposited at Cr ion etching for
and 16 min show half the hardness compared to the samples

tched at Ti ion etching for 8 and 16 min, less than the hard-
ess for the coating deposited at without ion etching. Surface
orphologies of the deposited coatings reveal that MDs pro-

uced during etching stage and lay through TiN coatings during
eposition process.
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157/158 (2004) 341–347.


	Study of macrodroplet and growth mechanisms with and without ion etchings on the properties of TiN coatings deposited on HSS using cathodic arc physical vapour deposition technique
	Introduction
	Experimental procedure
	Results and discussion
	Scanning electron microscopy with energy dispersive X-rays
	Hardness
	Surface roughness tester
	Atomic force microscopy (AFM) studies

	Conclusions
	Acknowledgments
	References


