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A brief description of a plasma-optic system intended for filtered arc-deposition and the
influence of its operational parameters on the deposition rate of TiN thin films are presented.
A comparison of the microstructure, hardness, toughness, crystal lattice parameter,
residual stresses, adhesion, performance and some other properties of TiN coatings
deposited using either filtered arc-evaporation or conventional steered arc-evaporation
techniques are given. The TiN coatings obtained by filtered arc-deposition are found to have
a nanometre-grained structure, be highly uniform, smooth and droplet-phase-free. This
leads to obtaining higher values of their hardness, toughness and adhesion compared with
conventionally deposited TiN coatings, which results in improved performance of these

coatings in wear and sliding applications.

1. Introduction

At present, thin TiN films deposited by use of arc-
evaporation physical vapour deposition (PVD) are
employed in industry as wear- and corrosion-resistant
coatings on a large scale. There are some problems in
the conventional arc-evaporation PVD technique,
which lead to deterioration of the properties and
structures of the conventionally deposited films.

One problem is related to the presence of macropar-
ticles composed of the cathode material in the coating
volume (the so-called “droplet phase”) [1-3]. These
macroparticles are ejected from the cathode source
and can reach several tens of micrometres in size. The
droplet phase when present in the coating volume
leads to degradation in the coating hardness, surface
roughness and performance properties. The presence
of this phase at the substrate—coating interface can
result in relatively poor adhesion of the coating. In
applications where excellent surface roughness of the
coating is essential, poor coating roughness caused by
the presence of the droplet phase makes the coating
inoperative.

The employment of steered arc-evaporation PVD
allows the amount of the droplet phase to be notice-

ably reduced [4-7]; however, complete elimination of
macroparticles in the coating is not feasible in this
way.

There is also a problem concerning the procedure of
heating the substrate up to deposition temperatures
prior to coating. Typically, this procedure is per-
formed by use of high-energy ions of refractory metals
evaporated from the cathode. Unfavourable interac-
tion of these ions with either hard-metal or steel
substrates was determined to lead to substrate decar-
burization as a result of formation of a thin TiC layer
due to carbon diffusion from the substrate [8—11].
The TiC thin layer, initially formed on the substrate
surface as a result of this interaction, was determined
to be comprised of a lot of pores and structural defects,
which appeared to result in a decrease of the coating
adhesion and other mechanical properties [11].

Problems related to the possibility of regulation of
average grain size and crystal shape of thin coatings
deposited by conventional arc-evaporation techniques
also take place. Typically, these coatings have relative-
ly coarse columnar structure [12], which results
in their relatively poor resistance to cracks propagat-
ing from the surface towards the substrate—coating
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interface. In most cases, it is difficult or impossible to
obtain fine- or nanometre-grained microstructure of
the coatings by varying deposition parameters of the
conventional arc-evaporation PVD.

One way suitable for eliminating the problems men-
tioned above was shown to be control of the evapor-
ation path by magnetic or electrostatic fields and
regulation of the energetics of the deposition process
by use of a substrate bias voltage. The employment of
magnetic or electrostatic fields for the control of the
evaporation path allows the complete elimination of
macroparticles in the coating volume to be achieved.
Uncharged macroparticles present in the plasma are
not affected by the fields and can be filtered off.
A quarter segment of a torus is usually utilized to
cause the plasma to flow as a curved path leaving the
macroparticles to collide onto the inside of the filter.
The basic principles of filtered arc-evaporation and
some properties of the hard coatings deposited in this
way have been reported in [13-28].

Smooth, hard films of TiN and other nitrides were
deposited by reactive filtered arc-evaporation and
some properties of these films were studied in [24].
A range of thin films were deposited using Si, Ti, Sn,
etc., cathodes with the aid of filtered arc-evaporation
in [15-28].

Meanwhile, though some properties of hard coat-
ings deposited by filtered arc evaporation have been
studied before, their structure and characteristics ap-
pear to be strongly affected by the method of filtering,
design of the filtering arc-evaporation system and the
deposition parameters employed. Moreover, there is
almost no information in the literature about struc-
ture and properties of these coatings in comparison
with coatings of the same composition obtained by
conventional PVD techniques under similar deposi-
tion parameters. Furthermore, many important prop-
erties (e.g. fracture toughness) of such coatings have
not yet been investigated. There is no information in
the literature on the performance of these coatings as
compared with those of the conventionally deposited
ones in sliding and in cutting tool applications. The
aim of this study is to investigate the influence of
filtering plasma streams in the magnetic field on the
deposition rate, structure, some properties and perfor-
mance of thin TiN films in comparison with those
obtained by use of conventional steered arc-evapor-
ation PVD.

2. Experimental procedure

Hard-metal of M20 grade and high speed steel (HSS)
of R6M5 grade were employed as substrates in the
present study. The inserts were ground and sand
blasted to obtain a surface roughness of around
0.63 um and then ultrasonically cleaned in alcohol
before the deposition procedure. Preliminary polishing
of the steel specimens to a roughness of 0.08—0.16 um
was performed prior to examining the fracture tough-
ness, microhardness and adhesion of the films.
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Figure 1 Schematic drawing of the filtered arc-evaporation system:
(1) the PVD unit body, (2) substrate, (3) substrate holder, (4) feeder
of gases, (5) body of the filtered arc-evaporation system together
with an induction coil, (6) cathode, and (7) plasma path.

The coatings were deposited employing a standard
unit of steered arc-evaporation PVD of NNV-6.6-11
type with and without the use of the filtered arc-
evaporation system (FAES)*, which is described
below. FAES is removable and used to equip con-
ventional units of arc-evaporation PVD. All the
deposition processes were carried out at a substrate
temperature of around 700 °C for the cemented car-
bide substrate and 500 °C for the HSS one; the temper-
atures were measured by an optical pyrometer.
Heating the substrate up to the deposition temper-
ature was performed by Ti ions in the case of the
conventional PVD procedure and by Ar ions when
applying filtered arc-deposition at the substrate bias-
ing value of 1 kV. After obtaining the required sub-
strate temperature, the substrate biasing value was
reduced and nitrogen fed to deposit TiN films.

FAES was utlilized in the present study to deposit
TiN films. The system was shown to affect the
physicochemistry of plasmochemical processes signifi-
cantly when depositing refractory compounds due to
an increase in the ionization rates of both metals and
reactive gases [24, 27]. The system included a hollow
steel tube about 300 mm in diameter, which was
a quarter segment of a torus (Fig. 1). The tube was
installed on the body of a standard unit of the
arc-evaporation PVD instead of on a conventional
arc-evaporator. An induction coil, which created
a magnetic field needed to control the plasma path,
was placed inside the tube. The induction coil, tube

*FAES has been designed and is manufactured on a large scale by VIT Ltd, Moscow Region, the Russian Federation.
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body, body of the PVD unit and cathode were electri-
cally isolated from each other. There was a special
device for controlling electric and magnetic para-
meters of the FAES.

Regulation of the plasma flow in the FAES is based
on the principles of plasma-optics. The influence of the
magnetic field upon the plasma flow allows the radial
electric field to appear; as a result, regulation of the
plasma path inside the internal volume of the FAES
can be achieved in this way. Whereas only electrically
charged particles are focused in the FAES, uncharged
particles are not affected by the magnetic and electric
fields. The uncharged particles when flying from the
cathode surface parallel to the cathode axis do not
reach the substrate surface and are deposited onto the
inside of the tube, but ions are bent and focused on the
substrate surface. The value of the continuous current
running through the magnetic coil affects the distribu-
tion of the ion flow density. The body of the FAES is
biased with regard to the PVD unit body, because
employment of the substrate biasing is not enough to
achieve a suitable value for the deposition rate. The
FAES allows the substrate to be heated up to the
deposition temperature by use of Ar ions, which is
hardly achievable when applying a conventional arc-
evaporation PVD unit. This was shown to occur due
to a high ionization rate of the gases obtained by use
of the FAES and their elevated energy when accele-
rated in the FAES [27].

TiN films deposited with and without employing
the FAES were studied using scanning electron
microscopy (SEM), high resolution scanning electron
microscopy (HRSEM), atomic force microscopy
(AFM) and optical microscopy. The X-ray studies of
the films were performed using a DRON-2M X-ray
diffractometer. Residual stresses were examined by use
of the standard sin®¥. The crystal lattice parameters
were determined by use of the (111) reflection.
Harmonic analysis of the reflection shape using
the (111) and (222) reflections was employed to
obtain data on dispersion of microdistortion in the
TiN crystal lattice.

The microhardness of the films was measured using
a PMT-3 instrument at a load of 0.5 N.

The relative fracture toughness value of the TiN
films was estimated by a conventional method includ-
ing measurement of the total length of the Palmquist
cracks after the Vickers indentation. The toughness of
the coated steel substrate was estimated from the ratio
between the load utilized for the indentation and the
average length of the Palmquist cracks near the inden-
tation. The value obtained in this way can be con-
sidered as a relative one, because it is affected by the
film thickness, adhesion, hardness, etc., as well as some
properties of the substrate. Nevertheless, this value
appears to be helpful in estimating the performance of
the deposited films when utilized in wear applications,
because it characterizes fracture toughness of the near-
surface layer of the coated specimen.

The adhesion of the films was measured using the
conventional scratch test method when scratching the
coated steel specimen with a Vickers tip at a load of
5 N. The adhesion value was determined by measuring

the total film exfoliation square and the coefficient of
adhesion was calculated as a ratio of the scratch
square to the exfoliation square together with the
scratch square. The method employed in the present
study is thought to be more precise than the conven-
tional scratch test method with the coating exfoliation
being determined by acoustic emission means, because
it is possible to eliminate errors related to failures in
the coating volume appearing during scratching.

The performances of coated steel and cemented
carbide tools were examined in turning and milling of
carbon steel. The protective properties of the TiN
films were also examined in field tests when employed
as wear-resistant coatings for components of a piston

pump.

3. Results and discussion
3.1. The influence of the FAES operational
parameters on the deposition rate
The deposition rate using FAES is affected mainly by
four parameters: an arc current, a current running in
the induction coil, a bias voltage between the bodies of
the PVD unit and the FAES, and the substrate bias-
ing. In the present study the arc current was constant
and equal to 100 A; the influence of the other three
operational parameters on the deposition rate was
investigated.

Fig. 2 shows curves indicating the influences of the
substrate biasing and bias voltage applied to the body
of the FAES on the deposition rate. The deposition
rate rises with decreasing substrate biasing, which is
typical for a conventional arc-evaporation PVD pro-
cedure, and with increasing bias voltage applied to the
FAES body; which means that a higher amount of Ti
ions is fed to the substrate surface.

Fig. 3 exhibits the influence of the induction coil
current on the deposition rate at different values of the
bias voltage applied to the body of the FAES. The
deposition rate slightly rises with increasing current
value because of the focusing of Tiions in the centre of
the deposition zone. The deposition rate significantly
grows with increasing bias voltage from 10 to 20 V.
One should note that, presumably, deposition does
not occur when these two parameters are equal to zero,
i.e. penetration of metal ions from the FAES into the
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Figure 2 Deposition rate versus substrate biasing with (H) 10, (@)
15 and (A) 20 V bias voltage applied to the body of the FAES.
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Figure 3 Deposition rate versus induction coil current at () 10 and
(@) 20 V bias voltage applied to the body of the FAES.
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Figure 4 Deposition rate versus substrate biasing at (H) 10 and (@)
20 A induction coil current.

internal space of the PVD unit can be completely
prevented by varying the induction coil current and
bias voltage.

Fig. 4 shows the influence of the substrate biasing
on the deposition rate at different values of the induc-
tion coil current. The deposition rate increases simul-
taneously with the decreasing biasing applied to the
substrate and increasing current value.

Fig. 5 indicates the influence of the induction coil
current on the distribution of the coating thickness
within the deposition zone. The non-uniformity of the
deposition rate in the deposition zone becomes more
distinct when increasing the current value due to fo-
cusing the ion beam into the centre of the deposition
zone. One can see in Fig. 5 that a relatively uniform
coating is deposited within the deposition zone up to
20 cm in diameter at a current value of 6 A.

3.2. Structure of the TiN films

Fig. 6 shows the microstructure of the near-surface
layer of WC—Co hard metal after its bombardment
with Ti ions under parameters typically applied in
conventional steered arc-evaporation deposition of
TiN films. It is clearly seen that a noticeable decarburi-
zation of the substrate takes place in this case, leading
to the formation of a decarburized n-phase (Co3W;C)
underlayer in the near-surface layer of the hard metal
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Figure 5 TiN film thickness versus distance from the centre of the
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Figure 6 Microstructure of WC—Co hard metal bombarded with
Tiions by use of steered arc-evaporation. Tapered cross-sections: (a)
before (n-phase not etched) and (b) after etching (n-phase etched) in
the Murakhami reagent. (i) TiC film, (ii) n-phase, (iii) substrate.

substrate. Formation of this underlayer in the hard
metal substrate has been shown to lead to a noticeable
decrease in the coating adhesion resulting in its
reduced performance [8].



Fig. 7a—c shows the morphology and microstruc-
ture of TiN films deposited onto the cemented carbide
substrate using the conventional steered arc-evapor-
ation procedure. It is clearly visible that the coating
comprises macroparticles of the Ti-based droplet
phase and has a relatively coarse, columnar structure.

Fig. 8 shows tapered cross-sections of the TiN films
deposited using either steered arc-evaporation or fil-
tered arc-evaporation after etching in a mixture of
diluted HNO; and HF, which ensures dissolution of
the Ti-based droplet phase. It is seen that the TiN film

Figure 7a—c Microstructure and morphology of TiN coatings de-
posited by steered arc-evaporation.

Figure 8 Microstructure of WC—Co hard metal with TiN coatings
deposited by (a) steered and (b) filtered arc-evaporation. Tapered
cross-sections after etching in a mixture of diluted HNO; and HF:
(i) substrate, (i) coating.

obtained by steered arc-evaporation comprises a great
number of micro- and macroparticles of the Ti-based
phase (which are etched away and look like dark
holes). These Ti-based inclusions range from <1 to
~10 um in size. Although steered arc-evaporation
allows some decrease in the number of Ti-based macro-
particles, Ti-based microparticles around 1 pm in size
can hardly be eliminated in this way. The TiN film
deposited using filtered arc-evaporation is highly
uniform and absolutely free of micro- and macro-
inclusions of the Ti-based phase. Fig. 8b shows that
the filtered arc-evaporation procedure preserves the
hard metal substrate from decarburization and dam-
age, because maintenance of the hard metal structure
directly under the coating takes place. This can pre-
sumably be achieved due to heating the substrate up
to the deposition temperature using only Ar ions in-
stead of Ti ions typically employed in conventional
arc-evaporation PVD procedures.

Fig. 9a—d shows the morphology and microstruc-
ture of the TiN film deposited using filtered arc-
evaporation. It is seen that the surface of the film is
macroparticle-free and smoother than the conven-
tionally deposited TiN coating. The film has a finer
structure compared with conventionally deposited TiN
films; however, by the photomicrographs shown in Fig.
9, which were obtained using a low resolution SEM, it
is impossible to investigate the fine coating structure.

The fine structure of the TiN film deposited by
filtered arc-evaporation is clearly seen using HRSEM
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Figure 9a—d SEM microstructure and morphology of TiN films deposited onto WC—Co hard metal by filtered arc-evaporation: (i) coating,

(ii) substrate.

TIN FAE

Figure 10a,b HRSEM microstructure of TiN films deposited by filtered arc-evaporation.

(Fig. 10). One can see that the film comprises colum-
nar nanocrystals of <100 nm in diameter. The tips of
these crystals at the surface of the film are shown in
Fig. 11, which was obtained with the aid of AFM.
Fig. 11 shows that the surface of the film is quite
uniform and comprises structural units varying from
a few nanometres to several tens of nanometres in size.
It has been found that the microroughness of the film,
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i.e. the difference in height among the tips of the struc-
tural units and their boundaries, is within 100 A. The
formation of the nanograined structure of the TiN films
is presumably related to the noticeable difference in the
nature of plasmochemical synthesis occurring during
filtered arc-evaporation compared with conventional
arc-evaporation techniques, mainly the higher ioniz-
ation rate of both titanium and nitrogen [24, 27].



Figure 11 AFM surface structure of TiN films deposited by filtered
arc-evaporation at (a) 250.5 A2 and 2502.7 A2,

3.3. Properties of TiN films deposited using
filtered and steered arc-evaporation
3.3.1. Microdistortions, texture and
parameters of the crystal lattice
Different nitrogen pressure values were utilized when
applying conventional steered arc-evaporation to
achieve approximately the same deposition rate in
both the steered and filtered arc-evaporation proce-
dures. This was related to the occurrence of different
deposition rate values at the same nitrogen pressure
value with and without the use of FAES. The proper-
ties of the TiN films were compared when either the
nitrogen pressure or the deposition rate were equal to
each other in steered and filtered arc-evaporation.
Table I shows some characteristics of the TiN crys-
tal lattices of the films deposited in these ways. The
employment of FAES leads to a slight increase in the

crystal lattice parameter value of TiN deposited at the
same nitrogen pressure value.

Table I also indicates that dispersion of microdis-
tortion in the TiN crystal lattice, which characterizes
the rate of microdeformation of the crystal lattice, is
slightly lower when applying filtered arc-evaporation
than when applying steered arc-evaporation, being
employed at the same nitrogen pressure value. Mean-
while, the rate of microdistortion of the TiN crystal
lattice obtained at the same deposition rate is approxi-
mately the same with and without employing FAES.

Table I indicates that all the TiN films investigated
are characterized by the presence of (11 1) axial tex-
ture. TiN deposited by filtered arc-evaporation has
a lower texture rate, which is obviously related to the
growth of slightly less orientated, nanograined crys-
tals in the case where FAES is employed. The TiN
films deposited when employing FAES are found to be
characterized by a different rate of formation of axial
texture depending on the substrate biasing value.
Whereas these films are characterized by only weak
(111) texture when the substrate bias is absent, strong
(111) texture and less distinct (1 10) texture appear
upon increasing the biasing value up to 50 V. The
texture of both types becomes more distinct upon
increasing the substrate biasing current up to 200 V.
This is obviously related to preferred sputtering-away
of randomly orientated crystals when increasing the
substrate biasing value.

Table I also shows the values of the residual stresses
for the TiN films deposited by filtered and steered
arc-evaporation. The films deposited with the aid of
FAES are found to be characterized by higher level of
residual stresses than those deposited conventionally,
which is evidently determined by their nanograined
structure.

3.3.2. Toughness, microhardness and
adhesion

Fig. 12 shows the average length of the Palmquist
cracks near the Vickers indentations as a function of
the load utilized for the TiN films deposited onto the
steel substrate using either steered or filtered arc-eva-
poration. It is seen that the films deposited using
filtered arc-evaporation have an improved toughness
compared with those deposited by steered arc-evapor-
ation. This is evidently a result of their far finer struc-
ture and uniformity as well as the absence of the
droplet phase in the structure. Better toughness of these
films is assumed to result in their improved resistance
to high static and impact loads when employed as
wear-resistant coatings for tools and wear parts.

Fig. 13 shows the dependence of fracture toughness
upon substrate biasing value for films deposited either
by steered or filtered arc-evaporation. The fracture
toughness of the films deposited with the aid of FAES
is much higher than that of the films deposited con-
ventionally, especially at relatively low substrate
biasing values. Fracture toughness decreases with in-
creasing substrate bias voltage. This is evidently re-
lated to some decrease in the adhesion of coatings and
increase in their brittleness at high substrate biasing.
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TABLE I Some characteristics of TiN films deposited with and without the use of FAES

Technique Deposition rate ~ Nitrogen pressure

Axial texture

Crystal lattice Residual Dispersion of

(um h™ 1) (Pa) (111) parameter (nm) stresses (MPa) microdistortion of
crystal lattice
(x1073)

Conventional 8 0.4 Strong 0.4249 —1300 39
Conventional 6 2.7 Strong 0.4237 —1700 2.0
With FAES 6 0.4 Medium 0.4254 —3300 2.6
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Figure 12 Average length of Palmquist cracks versus load of
Vickers indentation of TiN films deposited by (®, A) steered, at 2.7
and 0.4 Pa, respectively, and () filtered, at 0.4 Pa, arc-evaporation.
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Figure 13 Fracture toughness versus substrate biasing of TiN films
deposited by steered (@) and filtered (A) arc-evaporation.

Fig. 14 shows the microhardness of the TiN films
deposited with and without the aid of FAES as a func-
tion of substrate biasing. The microhardness of the
films deposited by filtered arc-evaporation grows with
increasing substrate biasing and reaches a level of
about 37 GPa, which is much higher than that of TiN
deposited using conventional steered arc-evaporation.
Such a high microhardness value for the films depos-
ited using FAES is evidently related to their nano-
grained microstructure and the absence of a Ti-based
droplet phase.

Adhesion of the coatings to the steel substrate has
been determined to be affected significantly by the
deposition technique employed. Whereas the coeffi-
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Figure 14 Vickers hardness versus substrate biasing of TiN films
deposited by steered (@) and filtered (A) arc-evaporation.

cient of adhesion of the TiN films deposited using
steered arc-evaporation typically ranges from 0.3 to
0.6 depending on the deposition parameters, that of
the films deposited using filtered arc-evaporation
ranges from 0.8 to 1.0. This noticeable difference in the
adhesion level is evidently related to more effective
substrate cleaning and heating-up due to the use of
high-energy Ar ions instead of Ti ions and the absence
of a droplet phase at the substrate—coating interface.
It should be noted that whereas the TiN films depos-
ited by steered arc-evaporation have very poor
adhesion without applying the substrate biasing, those
deposited using FAES have an acceptable level of
adhesion even when the substrate biasing value is
equal to zero. This is presumably related to the higher
energy of ions achieved by their acceleration under the
influence of magnetic and electric fields in the volume
of the FAES. Obviously, such ions can reach the
substrate surface with energies suitable to achieve an
acceptable level of adhesion without applying any
substrate biasing.

3.3.3. Performance properties

Fig. 15 shows the relative tool lifetime values of the
coated hard metal and HSS tools in turning and
milling. It is seen that around a two-fold increase in
tool lifetime is achieved when employing TiN coatings
deposited by filtered arc-evaporation instead of those
deposited conventionally. This is presumably a result
of the enhanced adhesion, fracture toughness and
hardness of the TiN films obtained when employing
filtered arc-evaporation. The improved fracture
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toughness of the TiN films is especially important in
interrupted cutting, e.g. in milling, when the coating is
affected by high impact loads. The better performance
of the films deposited by filtered arc-evaporation is
presumably also related to their improved surface
roughness and the absence of droplet Ti-based phase,
which can reduce the interaction rate between the
coating and workpiece material in metal-cutting.

The TiN films deposited by filtered arc-evaporation
were also examined in field tests as wear-resistant
coatings for precise surfaces of plungers for piston
pumps. The plunger surface of the pump must have an
excellent surface finish, which cannot be achieved
using conventional arc-evaporated PVD coatings
because of the presence of a droplet phase at their
surfaces. The TiN films deposited by filtered arc-eva-
poration were determined to have excellent surface
roughness, which allowed their successful employment
as wear-resistant coatings for piston pump plungers.
As one can see in Fig. 16, the service lifetime of the
plungers after coating was up to six times higher than
that of the uncoated plungers and the stability of the
rated cyclic feed of the coated plungers unit was
enhanced 7.5 times with the aid of TiN coatings de-
posited by filtered arc-evaporation.

4. Conclusions
The employment of filtered arc-evaporation allows
nanograined, smooth, uniform and droplet-phase-free
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Figure 16 Performance of piston pump plungers with TiN coatings
deposited by filtered arc-evaporation. () substrate, (E) TiN
coated plunger.

TiN coatings to be deposited onto steel and hard
metal substrates without any damage to the substrate
or decarburization. These coatings are characterized
by a slightly higher crystal lattice parameter, lower
rate of axial (11 1) texture and higher residual stresses
compared with TiN coatings deposited by conven-
tional steered arc-evaporation. The coatings deposited
by filtered arc-evaporation have an improved fracture
toughness, hardness and adhesion, which results in
their better performance in sliding and cutting
applications.
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