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Titanium nitride (TiN) coatings have been successfully deposited on 304 stainless steel
substrates by reactive ion beam-assisted, electron beam-physical vapor deposition (RIBA,
EB-PVD). The hardness values of the TiN coatings varied from 800 to 2500 VHN depending
on the processing condition. The lattice parameter and hardness variation were correlated
with processing parameters such as: deposition rate, bias, ion source energies, process
gas, substrate temperature, and coating composition. The hardness of the TiN coatings
increased with increasing ion energy. The ion energies combined with the deposition rate
were the limiting factors controlling the degree of surface texturing. Surface texturing was
only observed for those coatings deposited >8 Å/s. C© 1999 Kluwer Academic Publishers

1. Introduction
The performance of cutting tools is restricted by their
surface properties and thermal stability which can be
enhanced by applying hard wear-resistant coatings. The
properties of these coatings are often determined by
their microstructure which is a function of the process-
ing parameters. Tailoring the microstructure of coatings
can lead to significant improvements in cutting tool life
(greater than 500%) [1–3].

Hardness measurements are often used in charac-
terizing wear-resistant coatings. Typically, a higher
coating hardness value correlates to a better wear-
resistance. The hardness of a coating is a function of
composition, density, and texturing; all of which can be
controlled during processing. Generally, coatings with
high density are harder than those that are less dense
(i.e., higher amounts of porosity). The use of ion beam
assisted deposition increases coating density by adding
additional energy to the system which increases surface
mobility.

The use of titanium nitride as a coating material for
high-speed steel cutting tools has been around for sev-
eral decades. The hard TiN coating increases tool life
by as much as tenfold [1]. The properties that make
TiN an attractive coating for the tool industry are: high
hardness [5–8], low coefficient of friction [4], good
chemical/thermal stability [7–9], good adhesion, and
good corrosion resistance [10]. The main property is its
hardness, which results from the high degree of metal-
lic and covalent bonding. TiN gets its strength from the
small separation of atoms, large surface energy, and
high elastic modulus (50×106 psi). The other physical

properties that result in TiN being one of the most
widely used commercial wear-resistant coatings are:
high yield stress (2.0×106 psi), high specific gravity
(5.4 g/cm3), and high melting point (2950◦C) [11–26].

The performance of TiN coatings depends on its mi-
crostructural features that are often dictated by the coat-
ing process. TiN coatings are currently applied by var-
ious techniques: including chemical vapor deposition
(CVD) [3, 27–29], physical vapor deposition (PVD)
[30–35], ion implantation [10, 36, 37], ion plating [38,
39], and ion beam assisted deposition [40–43]. De-
tails of these coating processes are discussed elsewhere
[44–46]. The objective of this work was to improve the
hardness and wear resistance of TiN coatings by alter-
ing the microstructure of the coating.

2. Experimental
TiN coatings were produced by reactive ion beam as-
sisted, electron beam-physical vapor deposition (RIBA,
EB-PVD) using a Denton (model #DV-SJ/26) evapora-
tion system [46]. Prior to the deposition of TiN, titanium
metal (99.999% purity-Cerac) pieces (size∼6×6 mm)
were vacuum melted to form a large ingot. This was
done to prevent trapped gases from causing spitting
during the evaporation process. 304 stainless steel sub-
strates 1′′ ×1′′ ×0.30′′ were mounted at a distance of
9.75′′ above the source material. Prior to the TiN depo-
sition, the substrates were sputter-cleaned by ionized
argon gas.

The substrates were pre-heated using resistance
heating to temperatures between 400 and 650◦C for
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TABLE I M ajor processing parameters for titanium nitride (TiN) deposited by RIBA, EB-PVD

Sample number T1 T2 T3 T4 T5 T6 T7 T8 T9 T10

Substrate temperature (◦C) 400 600 600 600 600 600 600 650 650 650
Current density (µA/cm2) 190 190 190 48 130 190 190 130 190 190
Bias voltage (V) 0 0 0 0 0 −100 −100 −100 −100 0

30 minutes. Nitrogen gas was flown into the ion source
where it was ionized and directed towards the substrate.
A 10 kV electron beam gun was used to simultaneously
evaporate the titanium metal. The substrate temper-
ature, ion current density, and bias were all varied as
listed in Table I.

After depositing the TiN coating, a hardness evalua-
tion of the coated samples was accomplished by using
Vicker’s hardness tests. A diamond indentor with an
applied load of 20 g was used to measure the hardness
of the coatings. Ten measurements were made on each
of the samples with the average value being reported.
The coated samples were sectioned using a low-speed
diamond cutting saw to preserve the coating integrity.
The morphology of the coated samples was examined
by a JOEL field emission scanning electron microscope
(SEM).

To determine the TiN coating thickness, profilome-
try experiments were also performed. Using a Philips
X’Pert two-circle X-ray diffractometer, diffraction pat-
terns were obtained to determine the lattice parameter
and coating structure. The coatings were also charac-
terized by electron probe microanalysis (EPMA) to de-
termine the approximate compositions of the films.

3. Results and discussion
3.1. Hardness (VHN)
The hardness measurements of the various TiN coat-
ings deposited on 304 series stainless steel plates by
RIBA, EB-PVD are shown in Fig. 1. Since the coating
thicknesses were relatively thin (1–10µm), it was dif-
ficult to measure the hardness of the coating alone. The

Figure 1 Average Vicker’s hardness (VHN) of titanium nitride (TiN) deposited by RIBA, EB-PVD.

hardness values may be the resultant of the coating and
the substrate.

The hardness of the TiN coatings varied from 800
to 2500 VHN and the color of the coatings changed
correspondingly from dark-brown to gold. Sample T4
showed the lowest hardness of 800 VHN (a dull, dark
brownish color), whereas Sample T9 had the highest
hardness of∼2500 VHN (a yellowish-gold color).

A few generalizations can be drawn from the hard-
ness results and correlated with the processing param-
eters. The average hardness of the coatings with the
applied bias (T6–T9) were relatively higher than those
samples without bias (T1–T5, T10). It is believed that
the bias resulted in a denser microstructure and thus,
the higher hardness value. This finding supports those
reported in the literature [1, 2, 5, 9, 14, 17, 47].

Hardness variation in the coating was correlated
with the energy of the ion source. Fig. 2 shows the
average Vicker’s hardness (VHN) vs. current density
(µA/cm2) for Samples T3–T5. The general trend shows
that the hardness of the coatings dramatically increased
from 800 to 1800 VHN with increasing current density
(40µA/cm2 to 130µA/cm2). There was no significant
improvement in the hardness values by further increas-
ing the current density above 130µA/cm2. The increase
in hardness is probably the result of texturing and a more
dense coating as discussed in the next section.

3.2. Electron probe microanalysis (EPMA)
The color of TiN coatings depends upon such factors
as thickness, texturing, grain size, and the composi-
tion. The atomic percents of the titanium, nitrogen, and
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TABLE I I The atomic percentages of titanium, nitrogen, and oxygen in the TiN coatings deposited by RIBA, EB-PVD

Samples Average atomic % Average atomic % Average atomic % Titanium/nitrogen Average lattice
number titanium oxygen nitrogen ratio Colora parameter (̊A)

T1 49.84 10.91 39.24 1.27 DBG 4.242
T2 48.51 4.89 46.60 1.04 LBG 4.241
T3 46.27 2.24 51.46 0.90 BBG 4.241
T4 47.42 7.33 45.25 1.05 DBG 4.241
T5 47.42 2.68 49.90 0.95 LBG 4.238
T6 49.02 6.37 44.60 1.10 MBG 4.241
T7 47.43 4.76 47.81 0.99 BBG 4.238
T8 45.94 3.81 50.26 0.91 BBG 4.234
T9 49.31 4.87 45.82 1.08 YG 4.241
T10 49.28 2.87 47.86 1.03 MBG 4.241

aDBG=Dark brownish-gold, LBG=Light brownish-gold, BBG=Bright brownish-gold, MBG=Medium brownish-gold, and YG=Yellowish-
gold.

Figure 2 Average Vicker’s hardness (VHN) vs. current density
(µm/cm2) for Samples T3–T5.

oxygen found in the bulk coatings were determined by
electron probe microanalysis (EPMA), and are listed in
Table II.

Sample T1 showed the largest titanium/nitrogen ratio
of 1.27 as well as the highest percentage of oxygen
(10.91%) in the coating. This data suggests that the
film was deficient in nitrogen. The nitrogen deficiency,
combined with the large amount of oxygen are most
likely responsible for the dark brownish-gold color of
the TiN film.

The variation of the oxygen in the TiN coatings can
depend upon various factors including: (i) purity of the
nitrogen gas, (ii) titanium purity, (iii) exposing the TiN
coating to atmosphere at elevated temperatures, and (iv)
the deposition temperature, microstructure (density),
and evaporation rate. Oxidation of TiN was observed at
very low temperatures (<200 ◦C). The oxidation vol-
ume fraction in the TiN coatings depends upon the sur-
face morphology and density that can be detected by
EPMA (Table II). Coatings that contain high amounts
of interconnected porosity and large gaps between the
columnar microstructure are generally less dense. The
large gaps between the columnar microstructure re-
sult in a larger surface area of the coating. When the
coatings are exposed to the atmosphere, an oxide layer
forms on the surface of the coating [48–53], and thus

large amounts of oxygen are detected. There is a signif-
icant variation in the surface morphologies of the TiN
coatings in Samples T1–T10; this could be one of the
reasons for the variations in the oxide contents of the
TiN-coated samples.

Sample T2 showed a closer Ti/N ratio of 1.04 with
relatively low oxygen content of 4.89 at %. This find-
ing was expected due to higher substrate temperature
(600◦C) and relatively low deposition rate (12.5Å/s).
It is believed that the lower deposition rate contributed
to the denser coating, and thus a lower surface area (less
surface oxidation).

Sample T3 contained approximately 2.24 at % oxy-
gen with a Ti/N ratio of 0.90, which suggested that the
sample was rich in nitrogen. The bright brownish-gold
color observed for Sample T3 was a direct result of the
relatively low oxygen content and dense surface. The
lower deposition rate (3.7̊A/s) was probably the major
processing parameter responsible for the higher hard-
ness (1800 VHN) as compared with samples T1 (900
VHN) and T2 (1350 VHN).

Sample T5 resulted in a 0.95 Ti/N ratio with a low
concentration of oxygen (2.68 at %). These values sug-
gest that the coating contained high amounts of ni-
trogen. The low oxygen content in the TiN coating
might be the result of better coating density. The light
brownish-gold color of the coating was observed due to
the combined effect of the low Ti/N ratio and the denser
coating.

A negative bias was applied to Samples T6–T9. A
negative bias generally results in a fine-grained, dense,
microstructure similar to the IBAD process. By apply-
ing a negative potential to the substrate, positive species
were accelerated towards the substrate’s surface. These
accelerated species impinge (bombard) on the growing
film. The energy of these bombarding species is such
that they create surface defects that lead to an increased
number of nucleation sites, and thus produces a more
dense, fine-grained microstructure [5, 9, 24].

Sample T8 showed a Ti/N ratio of 0.91 with an oxy-
gen content of 3.81 at %, which is very similar to the
results of Sample T5 (as expected). The color of the
coating (Sample T8) appeared to be a bright brownish-
gold color (similar to Sample T7). The major difference
between Samples T8 and T5 was the−100 V bias ap-
plied to Sample T8 during deposition. In addition, the
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substrate temperature was higher for T8 (650◦C) than
for T5 (600◦C).

Sample T9 showed a Ti/N ratio of 1.08 with an oxy-
gen content of 4.87 at %. This sample had the best
yellowish-gold color of all of the samples, even though
it was not stoichiometric. It appeared that the sample
was deficient in nitrogen. The amount of nitrogen defi-
ciency found within this sample was approximately the
same amount of oxygen (4.8 at %) present in the film.

It was difficult to quantify the factors affecting the
color of the TiN coatings since the color is depen-
dent upon many factors including coating thickness,
grain size, density, texture, and composition. Compar-
ing Samples T3 to T4, the color of the coating changed
from BBG to DBG as the oxygen content increased
from 2.2 to 7.33% (Table II). The color of all the coat-
ings with oxygen contents>7 wt % were DBG. It is
interesting to note that the hardness increased as oxy-
gen content decreased. This may be explained by the
degree of surface oxidation and density (i.e., surface
oxidation decreases with increasing density). For ex-
ample, Samples T1 and T4 have low hardness values
associated with high oxygen contents (10.9 and 7.33%,
respectively). In contrast, Samples T3 and T5 have high
hardness values (1800 VHN) with low oxygen contents
2.24% and 2.68%, respectively. Therefore, the hardness
can be correlated with the composition, amount of sur-
face oxidation, and thus density.

3.3. X-ray diffraction
X-ray diffraction was used to determine the structure
and lattice parameters of the TiN coatings. The gen-
eral accepted value for bulk TiN is 4.240Å. However,
the lattice parameter of thin films is expected to devi-
ate from the bulk values as they are deposited under
nonequilibrium conditions. As a result of the TiN coat-
ings being thin, glancing angle (2θ -only) diffraction
patterns were obtained to prevent diffraction from the
underlying substrate.

The lattice parameters of Samples T1 to T10 ranged
from 4.234 to 4.241Å, which is expected as all of
the films did not have stoichiometric compositions (Ta-
ble II). In all of the samples, the X-ray diffraction results
support the coatings being TiN as the diffracted peak
positions matched those of the accepted stoichiometric
TiN well within experimental error. Existence of the
Ti2N phase was not observed for T1–T10.

All of the TiN coatings deposited by RIBA, EB-PVD
showed variation in the lattice parameters that were
close to the stoichiometric value for TiN (4.240̊A).
The small differences in the lattice parameters can be
attributed to many factors as discussed below.

The chemical compositions of the coatings can affect
the lattice parameter in several ways. Since TiN has a
defect structure (titanium and nitrogen atoms are miss-
ing from the unit cell), excessive substitutional titanium
or nitrogen atoms can cause changes in the lattice pa-
rameter (i.e., N (or Ti) atoms replace the Ti (or N) atoms
in the atomic positions of the unit cell). Also, oxygen
substitutional impurity atoms have been reported to re-
sult in a decreased lattice parameter [9].

Biasing causes stresses in the film (similar to IBAD),
by the successive impingement of atoms on the sur-
face of the depositing film which also affects the lattice
parameter value [9]. In addition, interstitial nitrogen
atoms generally result in an expansion of the lattice
parameter. The high nitrogen to titanium ratios pro-
vide strong evidence of interstitial nitrogen. Interstitial
nitrogen can result from a variety of factors includ-
ing nonequilibrium growth conditions (low-substrate
temperatures, high-bias voltages, and high-deposition
rates) and ion beam-assisted deposition [9, 54–56].

Fig. 3a shows the X-ray diffraction pattern of Sample
T4 with the maximum intensity corresponding to the
(2 0 0) planes. The diffraction patterns of Samples T1,
T2, and T8 also showed similar patterns with the (2 0 0)
planes showing the maximum intensity.

The X-ray diffraction pattern of Sample T5 is shown
in Fig. 3b. The higher degree of ion bombardment
change the degree of texturing to the (111) planes. Simi-
larly, Samples T7, T9, and T10 all show the (111) planes
with the highest intensity.

With still higher ion bombardment (Sample T3
shown in Fig. 3c), the degree of texturing changed to
the (2 2 0) planes. It is believed that the higher current
densities provided additional energy to the system
which enhanced the amount of surface mobility and
allowed the low energy (fast growth) planes to survive.

From the diffraction patterns shown in Fig. 3a–c, the
differences in intensities can be attributed to the degree
of texturing in the coating produced by the use of the
ion source during deposition. These results reconfirmed
the previous finding that the use of ion beam-assisted
deposition (IBAD) process can change the orientation
of the growing film [58]. Therefore, by controlling the
processing parameters, the degree of texturing and ori-
entation of the coating can be controlled.

To ascertain a better understanding of the texturing
occurring within the TiN coatings, pole figures were
performed (discussed later) on four selected samples
(T3–T5, and T9). Samples T3–T5 were selected be-
cause they were deposited under similar processing
conditions, except with different ion beam energies that
were believed to be the controlling factor in the textur-
ing growth of the TiN coatings. Sample T9 was selected
as it appeared to have the highest degree of texturing of
all the deposited coatings.

3.4. Surface morphology
The surface morphology of the TiN coatings deposited
by RIBA, EB-PVD were examined using scanning elec-
tron microscopy (SEM). Variation in the hardness val-
ues was correlated with the change in the surface mor-
phology of the coated samples.

Fig. 4a shows the surface morphology of Sample T1.
The average grain size of the TiN coating was in the
range of 10–100 nm. The surface of the coating was
not very dense. Voids/porosity in the surface of the
coating were observed as marked by arrows in Fig. 4a.
These voids most likely contributed to the low hardness
value (900 VHN). The presence of voids and porosity
is associated with the lower substrate temperature
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Figure 3 X-ray diffraction pattern showing the relative intensity (%) vs. 2θ (degrees) for Sample (a) T4, (b) T5, and (c) T3.
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Figure 4 Scanning electron micrographs (SEM) showing the surface morphology of titanium nitride (TiN) deposited by RIBA, EB-PVD for Samples
(a) T1, (b) T2, (c) T3, (d) T4, (e) T5, (f) T6, (g) T7, (h) T8, (i) T9, and (j) T10.

(Ts=400◦C), the high deposition rate (∼33 Å/s), and
low adatom mobility of the species while condensing
on the substrate. The voids/porosity in the coating are
undesirable for better wear-resistant properties.

Sample T2 (Fig. 4b) shows a more dense titanium
nitride coating with some texturing. Porosity and voids
were not observed at the surface of the coating. High-
magnification observations revealed a certain degree
of texturing. The majority of the grains were submicron

with a uniform size distribution. However, the presen-
ce of smaller grains (<100 nm) was still observed.
The higher density was a result of the higher substrate
temperature (Ts=600 ◦C) combined with the lower
deposition rate (12Å/s). The denser coating also
resulted in a higher hardness (1330 VHN) as compared
with Sample T1 (900 VHN).

No evidence of surface texturing was observed for
Sample T3 as shown in Fig. 4c. In addition, the grains
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appeared to be more spherical. A small volume fraction
of localized, larger grains (∼10%) were also observed
throughout the surface of the film. These larger grains
appeared to be randomly positioned and approximately
0.2µm in size. The rest of the grains appeared to be
much smaller than 100 nm. The high surface density
and small grain size of the TiN coating contributed to
the high hardness value (1800 VHN).

The surface morphology of Sample T4 (Fig. 4d) was
similar to Sample T3 (Fig. 4b). Numerous defects were
observed on the surface of the coating. These defects
resulted in the low hardness value (800 VHN). These
defects may have been due to nonuniform deposition
in the coating. However, the grains appeared to have a
more uniform size distribution (<0.5µm) that is ben-
eficial for wear-resistant applications.

A smaller volume fraction of surface defects (∼5%)
were observed in the coating for Sample T5 (Fig. 4e)
as compared to Sample T4. Even with the presence
of these defects, the hardness of the coating was still
high (1800 VHN), which is a typical hardness value
(1800–2200 VHN) for stoichiometric, bulk TiN [9]. Ev-
idence of surface texturing was not visible on the coated
surface by SEM. It is important to mention here that
even though surface texturing was not evident, growth
texture was observed in the film by X-ray diffraction
(Fig. 3b).

The surface morphology of Sample T6 appears to
contain very few defects. Sample T6 (Fig. 4f) shows
localized, small volume fraction of larger grains (1 to
2µm in size) similar to Sample T3 (Fig. 4c). The TiN
coating had a fine-grained microstructure (≤100 nm).
This fine-grained microstructure probably contributed
to the high hardness value (2000 VHN). Again, no ev-
idence of surface texturing was observed.

The surface morphology of T7 appeared to be very
dense with a uniform grain size (Fig. 4g). The grains
appear to be approximately 1µm in size. With the ex-
ception of a few growth defects, the film appears to have
a dense, untextured surface.

Similarly to T3 and T6, the surface of Sample T8
(Fig. 4h) does not appear to be textured. However,
X-ray diffraction showed a strong 200 orientation.

The surface morphology of Sample T9 (Fig. 4i) was
similar to Sample T2 as surface texturing was observed.
No porosity or voids were observed on the surface of
the coating. The average grain size of the coating was
in the submicron range (<0.5µm). Thus, the combined
effects of high surface density, fine-grained microstruc-
ture (<0.5µm), and texturing resulted in a high hard-
ness value (2500 VHN).

The surface morphology of Sample T10 (Fig. 4j) was
similar to that of Samples T1, T2, and T9, but without
any distinct texturing. The average grain size was less
than 100 nm. This fine-grained microstructure might be
the result of the higher deposition temperature (650◦C)
and deposition rate (27̊A/s).

3.5. Processing trends for TiN
by RIBA, EB-PVD

The major processing parameters that effected the qual-
ity of the titanium nitride coatings were: deposition rate,

ion source energies (current and voltage), and negative
biasing.

Samples T1, T2, T9, and T10 all showed evidence
of surface texturing. Except for sample T6, it appeared
that surface texturing of the TiN coatings only occurred
when the deposition rate exceeded 10Å/s. This finding
was found to be independent of substrate temperature
(400◦C, 600◦C, and 650◦C). This type of surface tex-
turing can be explained by the degree of surface mo-
bility at the substrate’s surface. Generally, the substrate
needs to be one half the melting point (Tm=0.5) of
the coating before a significant amount of surface mo-
bility occurs. Surface texturing results when the coat-
ing condenses on the substrate’s surface faster than the
atoms can move to equilibrium lattice positions (low
surface mobility). Under such deposition conditions,
the slow-growth planes (1 1 1) may be surviving at the
expense of the fast growth-planes (2 0 0 and 2 2 0). The
additional energy (IBAD) etches the low-energy planes
(2 0 0 and 2 2 0) which allows the high-energy planes
to control the growth direction. Generally, low indexed
planes (1 1 1) have a high lattice energy, and thus growth
is slow [57]. The opposite is true for high indexed planes
(2 0 0 and 2 2 0): low energy and fast growth. The use
of IBAD (additional energy) suppresses the low-energy
planes (2 0 0 and 2 2 0), which allows the high-energy
planes to dominate.

In addition, the hardness of the coating increased
when a negative bias was applied. It is believed that the
negative bias created more surface defects, and thus
an increased number of nucleation sites. The increased
number of nucleation sites resulted in smaller grain
sizes and thus, high density films.

3.6. Pole figure determination
Pole figures are receiving more attention as the orienta-
tion of the grains in thin films becomes more important.
Qualitative as well as quantitative information can be
obtained from pole figures. However, only a qualita-
tive description of the texturing will be given to avoid
confusion as pole figure theory is complex.

To better understand the degree of texturing in the
coating, pole figures were obtained on three TiN-coated
samples: T3 (high current density (190µA/cm2)), T4
(low current density (48µA/cm2)), and T5 (medium
current density (130µA/cm2)). These samples were
deposited under the same conditions but with differ-
ent ion beam energies. The pole figures for Sample T9
were also obtained since the surface morphology of
the SEM micrographs showed a high degree of surface
texturing.

The pole figure for Sample T4 (48µA/cm2) is shown
in Fig. 5. Weak texturing of the (1 1 1) planes was ob-
served (Fig. 5a). This was supported by the low con-
tour line intensities that were widely spaced. However,
a slight degree of orientation/texture was observed for
the (2 0 0) planes (Fig. 5b) oriented 45◦ from the normal
to the surface. Similar to the (1 1 1) planes, the (2 2 0)
planes showed weak texturing (Fig. 5a and c, respec-
tively). A negligible amount of texturing was expected
because of the low RIBAD energies.
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Figure 5 Pole figure data for Sample T4 showing the degree of texture for the (a) (1 1 1) planes, (b) (2 0 0) planes, and (c) (2 2 0) planes within the
titanium nitride (TiN) coating.

The (1 1 1) planes of Sample T5 (130µA/cm2)
showed medium texturing approximately 3–6 degrees
from the center of the density map. This suggests that
the columnar growth of the (1 1 1) planes within the
grains did not grow exactly (parallel) to the surface of
the substrate, rather grain growth was approximately
3–6 degrees to the surface. The (2 0 0) planes of T5
were more textured (approximately 57◦ from the sur-
face of the coating) than those of T4. In addition, the
(2 2 0) planes showed weak texturing 36◦ from the nor-
mal of the surface. The degree of texturing was much
stronger for Sample T5 than Sample T4.

The highest degree of texturing was found in Sam-
ple T3 (190µA/cm2) which is consistent with the level
of ion assist. The (1 1 1) planes of Sample T3 showed
medium texturing. The (2 0 0) planes were strongly ori-
ented 30◦ from the normal to the surface. In addition,
the contour lines were closely spaced indicating strong
textured growth of the (2 0 0) planes within the TiN
coating. The (2 2 0) planes also showed weak texturing
as the contour line intensities were low, and the contours
were widely spaced.

Comparing Samples T3–T5, Sample T3 showed the
highest degree of texturing, but not more than Sam-
ple T5. This is consistent with the hardness measure-
ments showing very little improvement with increasing
the current density above 130µA/cm2.

The high degree of surface texturing for Sample T9
(Fig. 6) was explained by the preferred orientation of
certain planes within the TiN unit cell. Fig. 6a shows
the pole figure for the (1 1 1) planes. It appeared that
the (1 1 1) planes were oriented the strongest at an an-
gle 44◦ from the normal to the surface. This orientation
was strongly supported by the highly localized intensi-
ties and closely spaced contour lines. The (2 0 0) planes
(Fig. 6b) were oriented 27◦ from the planes parallel to
the surface as shown by the close contour line spacing
and high contour intensity. In addition, contour lines
of the (2 2 0) planes showed a high degree of inten-
sity, suggesting a strong degree of texturing during film
growth (Fig. 6c).

Unlike Samples T3–T5, all of the (1 1 1), (2 0 0), and
(2 2 0) planes in Sample T9 showed a high degree of ori-
entation. This high degree of grain orientation resulted
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Figure 6 Pole figure data for Sample T9 showing the degree of texture for the (a) (1 1 1) planes, (b) (2 0 0) planes, and (c) (2 2 0) planes within the
titanium nitride (TiN) coating.

Figure 7 Scanning electron micrograph (SEM) showing the grain growth orientation as it relates to the textured surface morphology.
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in the surface morphology being textured (Fig. 7). It
appeared that the growth of the grains grew in the ori-
entation as shown by the arrows in Fig. 7. These results
correlate very well with the surface morphology and
X-ray diffraction results.

4. Conclusions
Titanium nitride coatings were produced with hardness
values ranging from 800 to 2500 VHN. Hardness in-
creased proportionally with increasing ion current den-
sities from 48–130µA/cm2. No significant changes in
the hardness values were observed with further increas-
ing the ion current densities (>130µA/cm2). Biasing
the substrate increased the hardness of the coating. In
addition, the use of the bias did not affect the surface
morphology of the coatings. All of the TiN coatings de-
posited on 300 series stainless steel substrates showed
evidence of growth texturing, but only selective films
also showed surface texturing. Texturing in the TiN
coating was observed as low as 400◦C on stainless steel
substrates (300 series). Surface texturing was only ob-
tained when the deposition rate exceeded 8Å/s. The
degree of growth texture and surface texturing was de-
pendent on the energy of the ion source. Color variation
of the coatings was the combined effect of the degree
of texturing, surface oxidation, density, and thickness.
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