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Abstract

Ž .Transverse current injection TCI is a technique in which an electrical current is imposed parallel to the surface of a
workpiece exposed to processing or to a service environment. In this work, TCI was applied during vacuum arc deposition of TiN

Ž .film on WC cemented carbide substrates 90% WC, 8% Co, 2% TaNbC . Bar samples with dimensions 5=6.5=20 mm were
mounted on a holder that provided electrical contacts at their ends, and a thermocouple to measure sample temperature. Prior to
deposition, the substrates were heated in vacuum up to 1508C by a current of 100 A. The TiN coatings were obtained by vacuum
arc deposition of Ti plasma in a 0.67-Pa nitrogen background. Films with different thickness were obtained by controlling of the
plasma flow density. The arc current was 250 A, and substrate temperature during deposition was in the range 110]1308C. Two
deposition rates,: 2.3]3 and 20]23 nmrs were used. The injected d.c. transverse current was in the range 0]40 A. Surface
microhardness was measured by Vickers microindentation using a 25-g load. Film structure was examined by X-ray diffractometry
Ž . Ž . Ž . Ž .XRD , scanning electron microscopy SEM using scattered electrons SE , back scattered electrons BSE , and energy

Ž .dispersive spectroscopy EDS . EDS spectra indicated that approximately the same ratio of Ti and N atoms existed both in thick
Ž . Ž .4]4.5 mm and in thinner films ;0.4 mm . XRD patterns indicated a cubic NaCl-type TiN phase in the thick films, while this
phase was absent in the thinner films. In comparison with films deposited without TCI, the maximum microhardness of thick TiN

Ž .films ;4 mm was larger by a factor of 1.3 with 10 A of transverse current, whereas the maximum microhardness of thinner films
Ž .;0.4 mm was up to a factor of 1.7 larger with 20 A of transverse current. TiN coatings deposited at 110]1308C with TCI were
uniform and did not contain delaminating fragments, whereas coating deposited using the same deposition parameters but
without TCI contained delaminating fragments. Q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Hard coatings are applied to the surfaces of mechan-
ical components subjected to wear in order to increase
their performance or extend their useful life. One
application of particular importance is hard coatings

U Corresponding author. Tel.: q972-3-640-8176; fax: q972-3-641-
0189.

Ž .E-mail address: naump@eng.tau.ac.il N. Parkansky .

for cutting tools such as drills, end mills and lathe
inserts. Coatings of hard materials such as TiN have
been shown to considerably improve the service life of

w xthese tools 1,2 . TiN and related coatings such as ZrN,
Ž . Ž .TiC, Ti,Al N, Ti C,N , as well as diamond and amor-

Ž .phous diamond-like carbon DLC can be applied by
various techniques, most of which are chemical vapour

Ž . Ž .deposition CVD or physical vapour deposition PVD
w x1]3 .

The coating hardness, along with other characteris-
tics including the adhesion of the coating to the sub-
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strate, the substrate temperature, the chemical and
Žmetallurgical stability including resistance to interdif-

.fusion of the coating in the wear environment, together
determine the performance and service lifetime of the
coating. One concern is the temperature of the sub-
strate. In many applications, a lower substrate tempera-
ture is desired, either to reduce thermal stress in the
coating, or because the substrate cannot tolerate high
temperature. Some techniques require high tempera-
tures. Generally, the sample must be heated either
through the deposition process, or via external means.
Substrate temperatures of 200]6008C are typically used

w xfor TiN coating deposition 4,5 . In particular, high
Ž .substrate temperatures e.g. 4008C are employed for

industrial TiN deposition on cutting tool substrates to
obtain good coating adhesion and tool performance
w x1,2 . A technique consisting of a cathodic arc source of
ions with combination of a low-voltage bias with a
high-voltage pulse imposed to a substrate was devel-

Ž .oped for low-temperature 1508C TiN coating of low
w xalloy steel and aluminium 6,7 . There is no information

on low-temperature TiN coating of cemented carbide
substrates. Recently, a technique for improving coating
properties in which an electrical field is imposed paral-
lel to the surface of a workpiece during deposition was

w xdeveloped 8]10 . In this transverse current injection
Ž .TCI technique, an electrical current is injected when
the processed material is electrically conductive. Gen-

Ž 2erally, the current density is sufficiently low -10
2 .Arcm so that the workpiece heating is not significant

w x8,9 . It was shown that TCI affects the thin film struc-
ture, morphology and electrical conductivity both in the

w xinitial and later stages of deposition 9,10 . TCI in-
w xcreases film adhesion on the plastic surface 11 , and

affects the surface mechanical properties of a ce-
w xmented carbide 12 . However, the influences of TCI on

the mechanical properties of a hard coating on ce-
mented carbide have not been studied yet. In the
presented paper, the effects of TCI on the deposition
at low temperature of hard TiN coating on cemented
carbide substrates and on the properties of the de-
posited films were studied.

2. Experimental details

The basic scheme of the experiment is presented in
ŽFig. 1. A WC based cemented carbide 90% WC, 8%

.Co, 2% TaNbC bar substrate with dimensions of 5=
6.5=20 mm was mounted on a substrate holder which
provided electrical contacts at the substrate ends, and a
thermocouple for measuring temperature. The holder
with substrate was positioned in the deposition cham-
ber of a triple-cathode vacuum arc deposition appara-

w xtus described in detail previously 3,11 . In this appara-
tus, three cathodes of 54-mm diameter were equally

Fig. 1. Schematic diagram of the experimental set-up.

spaced on a 100-mm diameter circle on the cathode
Ž .plane. A Ti 99.9% cathode used in the present study

was mounted at one of the positions. A d.c. arc dis-
charge of 250 A was applied between the cathode and
an annular Cu anode. The anode was grounded, the
cathode was connected to the negative terminal of an
arc welder power supply, the plasma duct was floating,
and the TCI holder contacts were electrically insulated
from the chamber and other parts of the deposition
system. The plasma jet produced by the cathode spots
passed through the anode aperture, entered into a
straight plasma duct, in which a 10 mT axial magnetic
field was imposed and flowed to the substrate. The
substrate was centred on the duct axis, and the distance
from the substrate surface to the cathode plane was
560 mm. As the cathode was displaced from the appa-

w xratus axis, two beam steering coils were applied 11 to
center the beam on the substrate. The system was also
equipped with a system for introducing and regulating
the flow of the nitrogen gas into the vacuum chamber.
The vacuum chamber was sealed, and evacuated to a
base pressure of approximately 6.7 mPa. Thereafter, a
direct current of 100 A was applied via the electrical
c o n ta c ts in o r d e r to h e a t th e s u b -
strate. The temperature was monitored with a thermo-
couple. The heating was terminated when the tempera-
ture reached 1508C. Then a 250-A vacuum arc was
ignited between the Ti cathode and the anode. The
flow of nitrogen gas was regulated so that the gas
pressure in the vicinity of the substrate was approxi-
mately 0.67 Pa. Two deposition rates were used: 2.3]3
nmrs without application of the abovementioned beam
steering fields, and 20]23 nmrs when the beam steer-
ing fields were applied. The deposition duration was
180 s in all cases. The thickness of the coatings was
measured by grinding a spherical crater through the
coating to the substrate with abrasive slurry applied to
a 25.4-mm steel ball, or measured directly in the cross-

Ž .section scanning electron microscopy SEM pho-
tographs. A TCI current I up to 40 A was applied
during deposition. After the deposition was completed,
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the vacuum chamber was backfilled with nitrogen to
atmospheric pressure, and the coated bar was removed.

The superficial microhardness was measured with
the Vickers indentation test with a load of 25 g. Each
data point was an average of 10 measurements. The
morphology and composition of the samples were

Ž .observed using SEM with scattered electrons SE ,
Ž .backscattered electrons BSE and energy dispersive

Ž . Ž .spectroscopy EDS . X-Ray diffractometry XRD char-
acterization was performed with CuKa radiation on a

Ž .Q]Q diffractometer Scintag , equipped with a liquid
nitrogen cooled Ge solid state detector.

3. Results

The thickness of the coatings were ;0.4 and ;4
mm, respectively, when deposited using the 2.3]3 nmrs
and fast 20]23 nmrs deposition rates. Plots of the
superficial microhardness of the films as a function of
the TCI current are shown in Fig. 2. It may be seen
that the microhardness of the thick film was greater
then that of the thin film prepared in the absence of
TCI. The film microhardness increased with current at

Ž .relatively small currents I-10]20 A , then decreased,
and then, in the case of the thinner films, increased
again with current. The TCI increased the microhard-
ness of the thin films up to a maximum of a factor of
1.7, and the microhardness of the thick films increased
up to a factor of 1.3. The maximum microhardnesses of
the thick and thin films were obtained at TCI currents
of 10 and 20 A, respectively. In general, the superficial
microhardness of the thick films were greater than that
of the thin films.

XRD patterns of samples with thin coatings showed
Žthe substrate material, tungsten carbide PFD a25-

.1047 . No indication on the existence of any Ti contain-
ing phase was observed. The thin films obtained with
Is0 and 20 A contain Bragg diffraction lines corre-
sponding to an unknown fcc phase with a lattice

Fig. 2. TiN coating microhardness as a function of injected current.

Fig. 3. XRD patterns of thick TiN films for different injected cur-
rents.

parameter of 0.4371 nm. XRD patterns of samples with
the thick coatings contained Bragg diffraction lines of

Ž .both the substrate tungsten carbide PFD a25-1047
Ž .and titanium nitride PDF a38-1420 from the coating

Ž .Fig. 3 . The XRD data showed that the thick coatings
were a cubic NaCl-type TiN phase. The line position
and half-width depended on the current. In particular,

Ž .the shift of positions of the TiN 111 diffraction line to
the small angles was observed in the thick coatings

Ž .obtained without and with TCI of 40 A Fig. 3 .
Fig. 4 shows the BSE images of the thin TiN films

deposited on the cemented carbide at Is0 and 40 A.
The images contain some bright and dark regions. The

Ž .regions were distributed uniformly at Is0 Fig. 4a
while larger bright regions on an almost uniform dark

Ž .background were observed at Is40 A Fig. 4b . A
completely dark image was obtained at Is20 A. BSE
images of the thick TiN films deposited with Is0, 10
and 40 A, respectively, are shown in Fig. 5. The Is0
image consisted of bright regions with various sizes
Ž . Ž0.1]1.5 mm and a non-uniform dark background Fig.
.5a . The Is10 A image consisted of separated larger

Ž .bright regions ;1 mm on a uniform dark background
Ž .Fig. 5b . The Is40 A image consisted of many small

Ž .bright regions ;0.1 mm on a uniform dark back-
Ž .ground Fig. 5c . EDS spectra showed that the dark

regions consisted of Ti and N in approximately the
same ratio while the bright regions consisted mainly of
the virgin cemented carbide. In the thick films, a small

Ž .amount ;10 at.% of Ti and N was also observed in
the bright regions.

4. Discussion

The EDS data indicate that all of the samples con-
tained both Ti and N atoms in approximately the same
ratio. Therefore, the absence of Ti-containing phase
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Ž .Fig. 4. SEM micrographs backscattered electrons of thin TiN films
Ž . Ž .with injected currents: a Is0; b Is40 A.

lines in the XRD patterns of the thin coatings probably
indicates that TiN was present in the films in a
nanocrystalline or amorphous form. The unknown FCC
phase having a lattice parameter of 0.4371 nm observed
in the thin coating with Is0 and 20 A might possibly
be tantalum nitride. Ta and Nb compounds closely
resemble each other, and fcc d-niobium nitride has a

Ž .lattice parameter of 0.4392 nm PDF a38-1155 . This
phase may be formed at the initial stages of the deposi-

Žtion from Ta contained in the substrate approx. 2
.at.% .

The speckled BSE images together with the EDS
measurements indicate that these low temperature TiN
depositions tend to either form imperfectly, i.e. only on
portions of the surface, or perhaps delaminate. Thus,
portions of the sample surface appear to be bare car-
bide from the substrate when observed with the SEM.
The thin films had much more of these imperfections
than the thick films. As a result, without TCI, the
microhardness of the thin films was less than that of
the thick films and was comparable with the substrate
microhardness. The most perfect TiN films were ob-
tained under TCI with Is20 A. This coating was the
most continuous, i.e. without what appears to be bare
areas. Positions of the Bragg diffraction lines in the
thick films completely agree with the reference data

Ž .PDF a38-1420 , and widths of Bragg diffraction lines
were minimal. That means that this sample has the
lowest level of microstrain and accordingly the lowest
microhardness, and agrees with the microhardness
measurements shown in Fig. 2

An interesting feature of the XRD patterns of the
thick coatings obtained with TCI of Is0 and 40 A is

Ž .the shift of positions of TiN 111 diffraction line to the
small angles. It means that the lattice parameter calcu-

Ž .Fig. 5. SEM micrographs backscattered electrons of thick TiN films
Ž . Ž . Ž .at with injected currents: a Is0; b Is10; c Is40 A.
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Ž .lated on the basis of lattice spacing from the 111
Ž .Bragg peak is substantially greater ;1% than the

lattice parameter calculated on the basis of lattice
Ž .spacing from other Bragg peaks, for example 200 ,

Ž . Ž .220 or 311 . This phenomenon has been widely known
w xfor approximately 10 years 13]15 however, its unam-

biguous interpretation is still absent. According to most
of the authors the selective entrapment of interstitial
atoms andror selective growth of lattice defects are
responsible for the phenomenon observed. Perhaps,
both of these reasons may be realized in our case of
the low-temperature deposition with TCI.

Adhesion of Ti-N particles on the WC substrate may
be insufficient in our case of the low temperature

w xdeposition 2,4 . Therefore, the obtained films may be
discontinues with high rest stresses. The latter may be
the cause of observed delamination of some parts of

Ž .the film Fig. 4a . Moreover, hardness is greater for
coating with higher levels of residual stresses and

w xsmaller grains size 5 .
The observed dependencies of the microhardness

and the level of the microstrains on the current indi-
cate that the injected current affected the coating
structure and state. We can assume that this influence
is like knowing the electro-plasticity effect observed at
injection of high density current during cold processing

w xof metals 16 . In our case the effect of the current
consists of the coating plasticity changing due to influ-
ence on state and motion of defects. As a result charac-
teristics of the coating such as adhesion rate, stresses,
hardness, etc., are changed. Thus, by using TCI the
hard, uniform TiN coating with perfect crystalline
structure can be deposited at relatively low tempera-
ture.

5. Conclusions

Injection of an electric current into low temperature
WC substrates during Ti-N deposition affected the
coating properties. The optimal 4 mm coatings were
obtained with an injected current density of 0.6 Armm2,
and had a microhardness of 30]35 GPa, without de-

lamination. Moreover, the following effects were
observed:

Ž .1. thin 0.3]0.4 mm Ti-N films deposited at 2.3]3
nmrs had a nanocrystalline or amorphous form,
independent of the injected current;

Ž .2. thick 3]4 mm TiN films deposited at 20]23 nmrs
had a cubic NaCl-type structure; and

3. the thick films obtained at a current density of 0.6
Armm2 had the smallest microstrain.

Additional studies are required to determine the
performance characteristics of the TCI-modified films,
and to develop techniques for applying TCI in indus-
trial deposition equipment.
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