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TiC, TiB2, and super hard TiBCN coatings were successfully deposited by ion beam assisted,
electron beam-physical vapor deposition. Titanium, titanium diboride, and carbon (through
tungsten) were co-evaporated by energetic electron beams while simultaneously
bombarding the substrates with varying ionized gas ratios of nitrogen and argon to obtain
super hard TiBCN coatings. The hardness of the TiBCN coating was reported to be
equivalent to a soft diamond like carbon film. The adhesion was determined to be greater
than 50 N. The hardness, grain size, structure, morphology, crystallographic texture and
degree of stress within the coatings were determined using a variety of characterization
methods including Vicker’s hardness measurements, electron probe microanalysis (EPMA),
optical microscopy (OM), scanning electron microscopy (SEM), and X-ray diffraction. The
author is not aware of previous TiBCN coatings being deposited by this method.
C© 2002 Kluwer Academic Publishers

1. Introduction
First generation coatings primarily consisted of mono-
lithic films of transition metal-carbides and ni-
trides which aided in improving tool life by several
hundred percent [1]. As a result of the need to fur-
ther improve the hardness and wear resistance of these
materials, second generation coatings are presently be-
ing explored in which materials with different chem-
ical, physical, tribological, and mechanical functions
are being combined in multilayer and nonequilibrium
systems including TiBCN. Since most PVD processes
are non-equilibrium processes, the inherent coating of-
ten contains an increased number of vacancies, grain
boundaries, and dislocations as compared to bulk ma-
terials. This creates thin film properties that are signifi-
cantly different from bulk properties. Tailoring thin film
properties through materials selection and process opti-
mization has led to significant advancements in coating
technology concepts [2–9].

New technology thrusts in tailoring coating de-
sign include functionally graded coatings, composite
coatings, super hard, metastable multifunctional coat-
ings, nano-crystalline coatings, solid solution coatings,
multilayer, and super lattice coatings [10–19]. The coat-
ing can be tailored to meet specific material properties.
However, knowledge of these material properties must
first be identified and understood. Further improve-
ments may even be obtained by combining one or more
of the new technology thrusts. In addition to the design

of new coating thrusts [9, 10], coating properties are a
function of the microstructural features determined by
the following processing parameters: deposition tem-
perature, deposition rate, angle of condensation, rota-
tion, method of ion bombardment, ion bombardment
densities, energies and types of bombarding species,
pressure, substrate surface finish, substrate material,
etc., as well as the type of deposition process [17, 18].

Recently, a few authors have explored the deposition
of TiBCN coatings by sputtering techniques [20, 21].
Development of super hard, coatings with improved
chemical and wear resistance, like TiBCN, will help
in further developments in advanced coating materials.
However, to date, no one has examined the formation of
TiBCN coatings by ion beam assisted, electron beam,
physical vapor deposition.

The objective of the present investigation was to
synthesize super hard TiBCN coatings by the co-
evaporation of titanium, titanium diboride, and carbon
(through tungsten) by energetic electron beams while
simultaneously bombarding the substrates with varying
ionized gas mixtures of nitrogen and argon.

2. Experimental procedure
Coating synthesis was carried out in an industrial pro-
totype Sciaky, Inc. EB-PVD unit consisting of six EB-
guns and a three ingot continuous feeding system with
ion bombardment capabilities as shown in Fig. 1. The
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Figure 1 Schematic diagram showing the 6-electron beam gun Sciaky EB-PVD unit used in the formation of TiBCN coatings.

source to substrate distance was 40.64 cm. A mechan-
ical pump evacuated the chamber to ∼10−3 torr, then
a diffusion pump evacuated the chamber to approxi-
mately ∼10−6 torr. Once the chamber was at a suitable
pressure, the substrates were cleaned using argon ion
beam sputtering for 90 minutes at 750 V/350 mA.

A 200 V negative d.c. bias was applied to the sub-
strate holder rotating at 40 rpm. The samples (WC-
6wt%Co-0.3wt%TaC; style: TPG432) were preheated
and allowed to soak at the desired temperature (800◦C)
for 15 minutes. High purity (99.95%) titanium, car-
bon and titanium diboride were evaporated by a beam
of electrons ∼30 degrees from the normal to the sur-
face. During the co-evaporation of Ti, C(W) and TiB2,
the samples were bombarded with a mixture of argon
and nitrogen ions (750 eV). The samples were post
heated for 15 minutes at the deposition temperature be-
fore cooling. Table I lists the deposition parameters for
the various coatings.

T ABL E I Deposition parameters for the formation of TiBCN coatings by the co-evaporation of titanium, titanium diboride, and carbon through
tungsten with simultaneous argon/nitrogen bombardment

Sample no. A B C D E

Coating description TiB2 TiB2 + Ar TiBCN TiBCN TiBCN
Tsub (◦C) 800 800 800 800 800
Ar/N2 0/0 20/0 15/2 30/10 30/20
Evap. rate Ti (g/min.) 0 0 0.284 0.2177 0.288
Evap. rate C (g/min.) 0 0 0.054 0.056 0.058
Evap. rate TiB2 (g/min.) 0.588 1.07 0.178 1.13 1.09
Deposition time (min) 45 60 70 80 80
Pressure (torr) 3–4 × 10−4 4–5 × 10−4 3–4 × 10−4 7–8 × 10−4 7–8 × 10−4

Ion energy (keV) N/A 750 750 750 750
Bias (V) 0 −200 −200 −200 −200
Source-substrate (cm) 33.02 40.64 33.02 40.64 40.64

3. Results and discussion
3.1. Formation of TiBCN and electron probe

microanalysis (EPMA)
EPMA was performed on cross sections of the TiBCN
coatings to determine the bulk composition. The beam
parameters were 15 keV and 20 µA. The standard char-
acteristic wavelengths measured for TiKα , CKα , BKα ,
and NKα X-ray lines were obtained from TiC, TiC,
TiB2, and α-Si3N4 standards, respectively. Both the
samples and standards used in the analysis were gold
coated simultaneously by magnetron sputtering to pre-
vent variations of coating thickness. The overlap of the
TiL1 on NKα was corrected by measuring the TiL1 in-
tensity at the NKα position on the TiC standard and
subtracting the composition dependent intensity during
the analysis of the unknowns. Standard ZAF (atomic
number (Z ), absorption (A), and fluorescence (F)) cor-
rections were made for matrix corrections. CKα , BKα

and NKα intensities were measured by peak area with
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T ABL E I I EPMA average bulk compositions of the various TiB2 and
TiBCN coatings deposited by ion beam assisted co-evaporation by EB-
PVD

Sample number Ti (at.%) B (at.%) C (at.%) N (at.%)

A 37–40 60–63 N/A N/A
B 33–34 65–67 N/A N/A
C 42.54 23.91 24.05 7.08
D 38.90 43.17 13.49 4.45
E 36.01 43.32 12.96 7.71

modeled background. The TiKα intensity was measured
by peak height. Table II lists the bulk composition val-
ues determined by EPMA for TiB2, TiB2 with argon
ion assist, and the three TiBCN samples deposited un-
der varying deposition conditions.

A few percent difference in the concentration of
titanium and boron were observed for samples A and B.
The difference is attributed to the deposition process.
In both cases, TiB2 material was directly evaporated by
electron beams. The main difference between A and B
was that B was bombarded with argon ions to change
the microstructure and density during deposition. Sam-
ple A would suggest that the degree of fractionation of
the TiB2 ingot results in a titanium rich coating. This
is typical of the direct evaporation of component mate-
rial with differing vapor pressures. TiB2 did not form a
conventional melt pool during evaporation. The evap-
oration can be described more as sublimation. If the
processing parameters such as beam size and pattern
are not refined, local hot spots in the beam may cause
preferential evaporation.

The ideal method of TiB2 evaporation would be to
have a small diameter ingot with the entire surface
molten with a constant feed rate. However, having a
larger melt pool generally corresponds to higher depo-
sition rates which are not as desirable for wear applica-
tions in which the microstructure can significantly influ-
ence the properties of the coating. It should be noted that
similar behavior was observed where the initial deposi-
tion trials of TiB2 evaporation resulted in coatings that
were deficient in boron [20]. Similar to yttria stabilized
zirconia evaporation, in which oxygen is backfilled into
the chamber to accommodate the oxygen loss resulting
from fractionation [18], boron can be introduced into
the system by backfilling the chamber with a mixture
of hydrogen and boron tetrachloride gases. However,
boron tetrachloride is a colorless, odorless, and poi-
sonous gas which causes safety issues. Due to possible
dangers involved with using boron tetrachloride gas, it
was not performed. Instead, the TiB2 pool was enriched
with boron metal to account for the loss of boron from
TiB2 fractionation. Several trials were performed to de-
termine the feasibility. The results were not promis-
ing. In most cases, the boron metal evaporated prior
to the TiB2 forming a thick layer of primarily boron.
It was then decided that in order to reduce the effects
of fractionation, the electron beam was defocused and
rastered over the ingot material. The longitude and fre-
quency values of the deflection pattern were optimized
to obtain a near stoichiometric TiB2 compound. It was
anticipated that the loss of boron would make the for-
mation of TiBCN more thermodynamically favorable

Figure 2 EPMA showing the atomic concentrations of Ti, C, B, N,
and O as a function of distance away from the substrate/coating
interface for TiBCN coating deposited (sample C) by ion beam assisted,
co-evaporation by EB-PVD.

as the strong bonds between the Ti and B would not
have to be broken in order to accommodate the carbon
and nitrogen atoms.

Prior to the co-evaporation of Ti, C(W) and TiB2
to form TiBCN, a few experiments were performed
to refine the evaporation rates of titanium and carbon
through tungsten. The deposition parameters selected
resulted in a slightly carbon deficient TiC coating which
was desirable to allow the incorporation nitrogen from
the ion bombardment of the mixed gas. The composi-
tion of sample C showed a nearly equal ratio of boron
(230.91 at.%) and carbon (24.05 at.%) with approxi-
mately 7.08 at.% nitrogen and 2.415 at.% oxygen. The
average atomic % of each constituent element for sam-
ple C is plotted as a function of distance away from
the substrate/coating interface in Fig. 2. The compo-
sitional profile shows a fairly uniform distribution for
titanium and nitrogen. The carbon concentration de-
creases slightly throughout the thickness of the coat-
ing whereas the boron concentration increased. This
strongly suggests a competition between the carbon
and boron incorporation. Another possible explana-
tion is slight changes of the melt pools during deposi-
tion which may have contributed to the variation. Fur-
ther process refinement could produce a more uniform
composition.

The deposition conditions were held constant
for samples D and E with the exception of the
argon/nitrogen ionized gas ratio (30 : 10 and 30 : 20 for
samples D and E, respectively). Doubling the nitrogen
gas flow into the ion source resulting in an increased ni-
trogen concentration of almost 75% for sample E with-
out significantly reducing the amount of carbon within
the sample (samples D and E). However, the increased
nitrogen incorporation (in E as compared to D) resulted
in a slight decrease in the titanium concentration. It
is believed that the additional nitrogen ions sputtered
more titanium atoms from the growing film. Of all the
bonds present, the Ti Ti bond lengths are the largest,
and thus the weakest. It should be noted that composi-
tion analysis is made very difficult do to the complex-
ity of the elemental composition of the TiBCN coatings
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consisting of light elements mixed with a heavy element
(titanium).

4. Energy dispersive spectroscopy (EDS)
Energy dispersive spectroscopy was obtained on the
surface of the coatings to determine the presence of ar-
gon. In all cases (except in the TiB2 deposited without
ion bombardment (sample A)), argon was detected in
the coatings. The detection of argon is important in de-
termining possible explanations for the high degree of
stress in the deposited coatings which will be discussed
in Section 8. Entrapment of gaseous species caused sig-
nificant amounts of stress in the coating. Without having
a standard for comparison, exact determination of the
argon concentration is difficult. However, a compari-
son between the various coatings should yield a quali-
tative description of the amount of argon incorporated
into the coatings from the ion bombardment. The ArKα1
X-ray line was compared to the TiKβ1 x-ray line shown
in Fig. 3a–c, for samples A, B, and D, respectively, to
determine relative amounts of argon present in the coat-
ings. The EDS spectra for samples C and E were simi-
lar to that of Fig. 3c. Several spectra were obtained and
averaged to obtain the ArKα1/TiKβ1. The TiB2 coating
with argon ion assist (sample B) had an ArKα1/TiKβ1
of 0.88. For comparison, the ArKα1/TiKβ1 ratios for
samples C, D and E (TiBCN) are 0.567, 0.527, and
0.408, respectively. The EDS analysis strongly suggests
that large amounts of argon was incorporated into the
growing film. This is probably the result of the hexag-
onal structure of TiB2 combined with the microstruc-
ture of the deposited coating which will be discussed
in Section 7. Generally, argon is believed to be incor-
porated at grain boundaries. Therefore, coatings with
smaller grain sizes (i.e., larger number of grain bound-
aries) would be expected to contain larger amounts of
argon. In all three TiBCN samples (C, D, and E), argon
incorporation was considerable lower than in the TiB2
coating deposited with argon ion assist. The lower con-
centration of argon may be attributed to the increased
amounts of nitrogen being incorporated into the coat-
ing as well as the structure of the coatings. This ap-
pears to be supported by the lower ArKα1/TiKβ1 for sam-
ple E (higher nitrogen concentration) as compared to
sample D (lower nitrogen concentration). TiB2 has
a hexagonal structure whereas the TiBCN coatings
were cubic as shown by the x-ray diffraction patterns

Figure 3 EDS spectrum used in determining the presence of argon incorporation into sample (a) A (TiB2), (b) B (TiB2 + Ar), (c) C (TiBCN),
(d) D (TiBCN), and (e) E (TiBCN) coatings deposited by argon/nitrogen ion beam assisted, co-evaporation by EB-PVD.

(Section 6). The c-axis (0.32295 nm) lattice parameter
is larger than the a-axis (0.30303 nm) lattice parameter
for TiB2 [22]. The atomic radius of Ar+ is 0.154 nm
which would allow an argon ion to be incorporated
between the close packed planes (001) of TiB2, espe-
cially if defects exist such as missing boron atoms. This
would suggest some degree of ion channeling discussed
in Section 6 concerning the crystallographic texture of
the coatings [23].

5. Average Vicker’s hardness number (VHN)
The average Vicker’s hardness values for the various
coated samples are shown in Fig. 4. Direct evapo-
ration of TiB2 (A) produced a coating hardness of
2356 VHN0.050, which is lower than the bulk hardness
value of TiB2 (3200 VHN0.050). The low hardness value
is most likely the result of the high deposition rate,
deviation in stoichiometry and un-refined deposition
parameters. During the formation of the TiBCN coat-
ings, the deposition procedures were very complex with
5 electron beam guns operating simultaneously while
bombarding the surface with ionized argon and nitrogen
gas. As previously discussed, the properties of the coat-
ing are a strong function of the deposition technique,
as well as deposition parameters. A lower deposition
rate should yield a more dense film and thus higher
hardness value. Therefore, the low hardness number
suggests that the deposition parameters could be opti-
mized to improve the hardness of the coating.

The Vicker’s hardness number of the TiB2 coat-
ing increased to 2465 VHN0.050 by bombarding the
growing film with ionized argon gas during deposition
(sample B). The bombarding ions add energy into the
system which allows greater surface mobility. This in-
creased surface mobility results in a more dense struc-
ture as observed by SEM (Fig. 5d). In addition, the
bombarding argon ions force the Ti and B atoms closer
together resulting in higher values of compressive stress
(Figure 6).

The Vicker’s hardness number for the various
TiBCN samples ranged from 2777 to 3253 VHN0.050.
Changing the deposition conditions to incorporate
carbon and nitrogen into the condensate to produce a
TiBCN (C) coating resulted in an 18% increase in
hardness (2777 VHN0.050) over the TiB2 coating
alone. The increase is attributed to the complexity
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Figure 4 Average Vicker’s hardness number (VHN0.050) for the various TiB2 and TiBCN coatings deposited on WC-6wt%Co-0.3wt%TaC by
argon/nitrogen ion beam assisted, co-evaporation by EB-PVD.

Figure 5 Scanning electron micrographs (SEM) showing the surface morphology and fracture surface of (a, b) TiB2 deposited without argon ion
assist (Sample A) and (c, d) TiB2 with argon ion assist (Sample B) on a TiN-coated WC-6wt%Co-0.3wt%TaC by EB-PVD.

of the bonding mechanisms resulting from the
various elements such as the strong boron-boron bond-
ing combined with the microstructure. A further in-
crease in hardness (over 20%) was obtained by increas-
ing the boron content in the TiBCN coating (sample
D (3253 VHN0.050)) from 23.91 at.% to 43.173 at.%.
Only a 3% further increase in hardness was ob-
served by increasing the nitrogen concentration of

the TiBCN coating from 4.448 wt% to 7.712 wt%
(E (3343 VHN0.050). Several factors can account for
the hardness of the deposited coating such as composi-
tion, structure, crystallographic texture, microstructure,
and stress. However, it is clear that the hardness of the
coatings could be further increased by process refine-
ment as well as altering the composition of the TiBCN
coatings.
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Figure 6 Compressive stress (MPa) as a function of the adhesion critical load for TiBCN and TiB2 coatings deposited on WC-6wt%Co-0.3wt%TaC
by ion beam assisted, co-evaporation by EB-PVD.

Figure 7 X-ray diffraction pattern of TiB2 deposited on WC-6wt%Co-0.3wt%TaC by EB-PVD with (a) no argon (Sample A) and (b) argon ion
bombardment (Sample B).

6. X-ray diffraction
X-ray diffraction was performed on the samples to de-
termine the structure of the coating. The x-ray diffrac-
tion patterns for sample A and B (TiB2 with and
without argon bombardment) are shown in Fig. 7a
and b, respectively. The patterns show that the coat-
ings are polycrystalline and of the hexagonal phase
(JCPDF #35-741). The lattice parameters for TiB2 de-
posited without ion bombardment are a = 0.3047 nm
and c = 0.3186 nm. In comparison, argon bombard-
ment during TiB2 deposition changed the lattice param-
eters to a = 0.3012 nm and c = 0.3233 nm. The standard
JCPDF card for hexagonal TiB2 shows a = 0.30303 nm
and c = 0.32295. The expansion and compression of the
a and c axis lattice parameters for sample A, respec-
tively, are most likely the result of stress associated
with lattice mismatch and the composition of the coat-
ing (Table II). Conversely, the compression and expan-
sion of the a and c lattice parameters for B (argon ion
bombardment) may be explained by the forcible incor-
poration of argon gas. The basal plane is more likely

to be compressed, whereas the c lattice parameter is
more suitable to accommodate gaseous species and ex-
pand. Comparing the relative intensities for the various
diffracting planes for the TiB2 coatings deposited with
and without argon ion bombardment, both show a (001)
orientation, but the TiB2 coating deposited with argon
bombardment appears to show a much stronger (001)
orientation, as the growth of the remaining diffracting
planes appears to have been suppressed.

To better quantify the degree of crystallographic tex-
ture, the TiB2 (101) crystallographic texture coefficient
was calculated using the following equation:

I (101)/(I (101) + I (100))

where I is the integrated intensity of the respective
diffracting lattice planes. The TiB2 (101) crystallo-
graphic texture coefficient for samples A and B are
0.3846 and 0.1850, respectively. The TiB2 (101) crys-
tallographic texture coefficient for a randomly oriented
sample is 0.64. The additional energy of the system
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Figure 8 X-ray diffraction pattern of TiBCN deposited on WC-6wt%Co-0.3wt%TaC by co-evaporation using EB-PVD and argon/nitrogen ion
bombardment (a) Sample C, (b) Sample D, and (c) Sample E.

resulting from the argon ion bombardment resulted in
a stronger (001) orientation. Generally, additional en-
ergy to the system will result in changes in crystallo-
graphic texture to planes with higher free energy. The
ion bombardment allowed the TiB2 (001) planes to sur-
vive which would otherwise not during film growth.
The lower TiB2 (101) crystallographic texture coeffi-
cient for sample A supports the presence of argon within
the coating. This would also suggest that the mechanism
for argon incorporation is ion channeling.

Fig. 8a–c show the x-ray diffraction pattern for sam-
ples C-E (TiBCN). The x-ray diffraction patterns for
the TiBCN coatings suggest that the coatings are of the
cubic phase with a (200) orientation. The lattice param-
eters were determined to be 0.4365 nm, 0.4410 nm, and
0.4376 nm, respectively, for samples C, D, and E. Since
TiBCN is a metastable coating, there is no JCPDF for
comparison, which makes confirmation of the coating
phase difficult. However, comparing the peak positions
and intensities for TiB2, TiC, and TiN JCPDF cards,
it was determined that the diffracting planes matched
more closely to the cubic phases of TiC and TiN than to
the hexagonal phase of TiB2. In addition, the large peak
broadening strongly suggests that the average crystal-
lite size is relatively small. X-ray diffraction line broad-
ening was used to determine the average crystallite size
of the various coatings. Generally, in a single crystal
material, sharp distinct peaks are observed for the in-
tensities of the diffracting planes. Broadening (Figs 7
and 8) of these peaks is a function of the average crys-
tallite size and is approximated by the Scherrer formula
[24]. Using computer software, the background noise
and intensity of Cu Kα2 was stripped from the diffrac-
tion patterns. The FWHM was determined from the
diffracting planes with the three highest intensities for
both phases. To eliminate the instrumental error, a sil-
icon single crystal standard was used to determine the
x-ray line broadening resulting from the diffractometer.

The measured FWHM values were then corrected using
the standard before calculating the average crystallite
size. The average crystallite size was determined to be
6.6 nm and 12.7 nm for sample A (no IBAD) and B
(Ar IBAD), respectively. The increase in the average
crystallite size for sample B is attributed to the addi-
tional energy of the bombarding argon ions (750 eV).
The high-energy of the bombarding argon ions, com-
bined with the high deposition temperature and bias,
provided enough energy for the average crystallites to
grow as the impacting ions produce localized heat (en-
ergy) which leads to coarsening. Other authors have
reported this same phenomenon [25]. However, several
authors have also reported a reduction in grain size with
the use of ion bombardment and was attributed to an
increase in local surface defects serving as nucleation
sites [26]. Both phenomena (increasing and decreasing
grain size) can occur depending on the deposition pro-
cess and parameters. The average crystallite size for the
TiBCN coatings was calculated to be 9.0 nm, 6.7 nm,
and 5.9 nm, respectively for samples C-E. It has been
reported that more than 5% nitrogen incorporation in
TiB2 would destroy the crystalline structure of the TiB2
phase resulting in an amorphous structure composed of
TiB2-N [27]. The present investigation confirms that
this polycrystalline TiBCN can be synthesized with ni-
trogen concentrations in excess of 7 atomic %. Again,
it should be noted that the deposition technique and
processing parameters can greatly influence the coat-
ing properties.

Differences in the relative peak positions were also
observed in Figs 8a–c (i.e., changes in the lattice
parameter) for samples C-E which are attributed
to compositional differences and strain within the
coatings. This would also suggest that TiBCN ex-
ists over a fairly wide compositional range (i.e.,
Ti0.36−0.42B0.24−0.43 C0.13−0.24 N0.04−0.08) and is most
likely a defect structure (with missing atoms on lattice
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positions), similar to TiN and TiC. The crystal struc-
ture may be similar to TiC and TiN (cubic) in which
the light elements (B, C, and N) are substitutional for
one another (most likely in combination with one or
more vacancies).

7. Scanning electron microscopy (SEM)
7.1. TiB2 with and without IBAD
SEM analysis of the surface morphology and fracture
surface of TiB2 deposited with and without IBAD is
shown in Fig. 5. The TiB2 coating deposited without
argon ion bombardment (sample A) shows an average
grain size of approximately of 1–5 µm. Bombarding the
surface of the samples while evaporating TiB2 yielded a
slight increase in the grain size (sample B). This corre-
sponds well with the x-ray diffraction line broadening
determination of the average crystallite size. The in-
crease in the grain size is attributed to the increased
amount of energy associated with the ionized argon
atoms. This additional energy, increased the surface
mobility of the depositing species resulting in grain
growth. As previously mentioned, the larger grain size
is the result of the higher energy of the ion source.

For comparison, Fig. 9 shows the surface morphol-
ogy and fracture surface of a TiB2 coating deposited
without and with argon bombardment on a TiN-coated

Figure 9 Scanning electron micrographs (SEM) comparing the surface morphology and fracture surface of (a, b) TiB2 deposited without argon ion
assist and (c, d) TiB2 with argon ion assist on a TiN-coated WC-6wt%Co-0.3wt%TaC by EB-PVD under similar deposition conditions.

WC-Co substrate. The average grain size without IBAD
is approximately 2 µm and is smaller as a result of the
lower deposition temperature (650◦C) as compared to
Fig. 5a (800◦C). The average crystallite size was de-
termined to be ∼5 nm. In contrast, Fig. 9c shows the
surface of the argon assisted TiB2 coating in which a
much finer grain size is observed, but x-ray diffrac-
tion line broadening revealed a larger average crystal-
lite size of ∼10.1 nm. This was quite surprising, but can
be explained based on the competition between grain
growth and nucleation. At the higher substrate tempera-
ture (800◦C), the additional energy from the ion source
(750 eV) resulted in increased surface mobility and
thus grain growth, but fewer nucleation sites (Fig. 5a).
At lower substrate temperatures (Fig. 9), the deposited
atoms have low surface mobility. The increased energy
from IBAD was high enough to cause an increase in the
number of nucleation sites (resulting in the observed re-
duced surface grain structure) and high enough to cause
the crystallites to grow, but not enough to cause an in-
crease in the surface grain size. This supports compet-
ing phenomenon between nucleation and grain growth
based on the total energy of the system (i.e., tempera-
ture and IBAD). Therefore, the generality of whether
ion bombardment increases or decreases grain size, is
heavily dependent on the deposition parameters such
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as temperature, ion energy, ion current density and de-
position parameters.

The fracture surface of the TiB2 without argon ion
assist deposited at low temperature (Fig. 9b) shows a
fairly columnar structure whereas the TiB2 coating de-
posited at higher substrate temperature (Fig. 5b) shows
a more closely packed columnar structure resulting
from increased mobility (temperature). In addition, the
columnar microstructure of the TiB2 coating with ar-
gon ion assist is barely evident in Fig. 5b, suggesting
that it has a much more closely packed structure (ZT
or equiaxed) which shows how IBAD can change the
microstructure of the coating.

7.2. TiBCN
The microstructures of the TiBCN are difficult to di-
rectly compare due to the variations in the deposition

Figure 10 Scanning electron micrographs (SEM) showing the surface morphology and fracture surface of (a, b) Sample C, (c, d) Sample D,
and (e, f) Sample E for TiBCN deposited by ion beam assisted, EB-PVD on WC-6wt%Co-0.3wt%TaC.

parameters resulting from fluctuations during the de-
position process. The surface morphology (Fig. 10a)
of sample C shows larger grains (∼1–5 microns) com-
posed of sub-micron grains>100 nm in size. No surface
cracking was observed in the coating. The larger grains
are the result of the underlying substrate surface fin-
ish. The grain size is slightly less than sample B. The
smaller grain size is attributed to increased incorpora-
tion of nitrogen into the growing film which resulted
in a lower degree of surface mobility. The increase in
the deposited species from the following sources (Ti,
TiB2, and C(W)), resulted in more atoms being deposit-
ing without an increase in the amount of ion energy.
Therefore, the energy per atom was reduced, result-
ing in lower surface mobility and thus a smaller grain
size. The fracture surface in Fig. 10b shows the tita-
nium layer to be 1.61 µm and the TiBCN (Sample C)
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coating to be 13.22 µm. In addition, Fig. 10b reveals
that the TiBCN coating has a columnar structure. Also
in Fig. 10b, striations are observed on the micrographs
which suggest varying composition or microstructure
and discussed in more detail with sample E (Fig. 10f).

Similarly, the surface morphology of sample D
(Fig. 10c) shows a fine-grained morphology with a
grain size less than 100 nm. The larger grain size for
sample D is attributed to the larger coating thickness
(25.37 µm) as compared to C (13.22 µm). Fig. 10d
shows that the coating consists of a thin layer of tita-
nium (0.3 µm) followed by TiC (1.85 µm) and finally
the TiBCN (23.22 µm). The Ti and TiC layers appear to
have a columnar structure with the TiBCN being more
closely packed. Several process interruptions or fluctu-
ations occurred during the deposition of the TiBCN as
is evident by the dark lines in Fig. 10d.

Lastly, Fig. 10e shows the surface morphology of
sample E in which a slight reduction in the grain size
was observed from sample D. This was unexpected as
the coating thickness was comparable (24.52 µm). The
reduction in grain size is believed to be associated with
the distinct layering observed in Fig. 10f. These layers
are much more defined than those observed in Figs 10b
and d. The exact cause of the layering is not known,
but is believed to be the result of the method of pro-
cessing (co-evaporation). The periodic arrangement of
the layers would suggest that the substrate rotation is
a significant contributor to the layers in combination
with the orientation of the samples with respect to the
source material. However, samples C and D were ro-
tated at the same speed. There is no doubt that the mi-
crostructure (and composition) can be refined through
process refinement.

8. Stress determination
The stress within the TiBCN and TiB2 coatings was
measured using the sin2� technique. The x-ray data
was collected using the TiB2 (101) and the TiBCN (200)
planes of the respective coatings. Since the properties
of TiBCN are unknown, values for the poisson ratio
and Young’s modulus similar to titanium carbide were
used (ν = 0.19 and E200 of 473 × 109 N/m2) [28]. The
TiB2 coating deposited on WC-6wt%Co-0.3wt%TaC
without ion bombardment was determined to be in
compression with a value of −2808.5 ± 765 MPa. In
contrast, the sample with ion bombardment showed a
significant increase in the amount of compressive stress
(−6951 ± 739 MPa). The increase in stress is a direct
result of argon bombardment in which the high-energy
argon atoms (750 eV) cause lattice defects upon im-
pinging on the growing film. The large magnitude of
the compressive stress, is the result of the higher en-
ergies (750 eV) and current densities (∼0.5 mA/cm2)
used during deposition.

The amount of compressive stress within the TiBCN
was found to be very high, but not as high as the TiB2
coating with argon bombardment. The values were de-
termined to be −3008 ± 361 MPa, −4868 ± 234 MPa,
−5562 ± 276 MPa, for samples C, D, and E, respec-
tively. The lower compressive stress for the TiBCN
coatings, as compared to the TiB2 with argon ion assist,

is the result of the different ion to atom arrival ratios.
During the deposition of sample B (TiB2 + Ar), only
TiB2 ingot was evaporated as compared to Ti, TiB2,
and C(W) for the TiBCN samples. As a result, less
energy per atom arrived at the substrate surface as a re-
sult of atom collisions within the vapor cloud. During
these atom collisions, energy is transferred from atom to
atom. Generally, the more collisions an ion undergoes,
the less energy it will have when it reaches the surface.
In addition, the lower degree of stress may also be asso-
ciated with the complex interactions between the boron,
carbon and nitrogen atoms within the coatings, as well
as the lower coating thickness (13.22 µm). Direct com-
parison of the measured stress values is difficult due
to the different compositions of the various coatings
as well as the unknown Young’s modulus of the ma-
terial. The differences in the compressive stress values
between the various TiBCN coatings may be the result
of differences in the composition (as the coating com-
position can influence the residual stress of a coating)
and the varying coating thickness. Lastly, the increase
in hardness for sample B (2465 VHN0.050) over sam-
ple A (2356 VHN0.050), cannot be solely related to the
amount of compressive stress within the coating. The
amount of compressive stress was significantly higher
for sample B, but only increased the hardness by a small
amount (<10%). This suggests that the dominant mech-
anism for increased hardness was not stress, but most
likely a mixed combination of microstructure and com-
position. General trends are difficult to state as there
the samples were deposited under slightly varying con-
ditions which obviously influenced the microstructure
and composition of the coatings.

9. Adhesion
The adhesion of A and B were determined to be 40
and 22 N, respectively, using the scratch test method.
The low degree of adhesion for TiB2 with argon ion
assist (B) is attributed to the high degree of com-
pressive stress within the coating (−6951 ± 739 MPa).
The adhesion of sample C was found to be ∼52 N
which had a moderate amount of compressive stress
(−3487.4 ± 192 MPa). The low degree of adhesion
for samples D (26 N) and E (20 N) are again
attributed to a very high degree of compressive stress
(−4216.1 ± 199.9 MPa and 4417.6 ± 543.6 MPa, re-
spectively) within the coating. During the scratch test,
as shown in Fig. 11 (sample E), cracking was observed
prior to adhesive failure. This cracking is most likely the
result of the high degree of internal residual stress. The
results clearly show that increased amounts of stress
within the coating resulted in a reduction of adhesion
as shown in Fig. 10. The adhesion of the coatings can be
improved by process refinement and possibly using a
graded interlayer between the substrate and the TiBCN
to reduce the possible stress associated with thermal
expansion mismatch.

It should be noted that adhesion tests are generally
used for qualitative analysis, but can be used for com-
parative analysis as the numerical value obtained for the
critical adhesion value can vary depending on testing
apparatus and environment. Factors which could affect
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Figure 11 Scanning electron micrographs showing the scratch profile of
TiBCN (sample E) deposited on WC-6wt%Co-0.3wt%TaC by EB-PVD.

coating adhesion are: substrate cleaning prior to de-
position, interfacial reaction products, test parameters,
substrate surface finish, etc.

10. Conclusions
Polycrystalline TiBCN metastable coatings were suc-
cessfully deposited by the co-evaporation of titanium,
titanium diboride, and carbon through tungsten while
simultaneously bombarding the surface of the samples
with a mixture of argon and nitrogen ionized gas. The
composition of the deposited coatings varied consider-
ably, which suggests that the TiBCN is a defect structure
which may exist over a wide compositional range simi-
lar to TiC and TiB2. The structure of the TiBCN coating
was found to be cubic, which is similar to TiN and TiC
phases. Even for the larger concentrations of boron, the
phase was still cubic. This is surprising as TiB2 has a
hexagonal structure. The hardness of the TiBCN coat-
ings ranged from 2777 VHN0.050 to 3343 VHN0.050,
showing over a 41% increase over the TiB2 coating. The
highest hardness values were obtained with the coatings
with the higher boron content resulting in greater co-
valent bonding. The adhesion of the TiBCN coatings
to WC-6wt%Co-0.3wt%TaC ranged from 20 to 52 N
and increased with decreasing stress. Large amounts of
compressive stress were found in the coatings result-
ing from the complex bonding nature of the bonding
interactions between carbon, boron, and nitrogen with
titanium. Lastly, an increase in the grain size was ob-
served in the TiB2 coating deposited with ion assist.
The increase is do to the additional energy supplied to
the system from the high energy ionized argon atoms
resulting in coarsening. It should be noted that through-
out this investigation, both an increase and decrease in
grain size was found with ion bombardment, depending
on the processing parameters. This clearly shows the in-
fluence of the deposition process on the microstructure
of the deposited coatings.
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