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Abstract: This study examines the structure and properties of stainless steel coatings deposited to
incorporate large concentrations of nitrogen along with varying amounts of titanium. Deposition
was carried out using magnetron co-sputtering of stainless steel and titanium from separate targets in
a mixed Ar/N2 gas atmosphere. Composition analysis by X-ray photoelectron spectroscopy showed
that while films with up to 4 at.% Ti exhibited little change in nitrogen content (compared to films
deposited without Ti) and remained sub-stoichiometric with respect to N content. Films with 7–8 at.%
Ti had a higher N level and further increasing the Ti level to 11–12 at.% resulted in stoichiometric N
levels. X-ray diffraction showed that the films all had a nominally FCC structure with no additional
phases. However, the peak locations for the (111) and (200) reflections indicated a distorted lattice
characteristic of the S-phase, with calculated c/a values ranging from 1.007 to 1.033. The Ti additions,
along with the corresponding increase in N content, helped reduce the extent of lattice distortion.
The film microstructure of the higher (11–12 at.%) Ti films also showed higher density, lower surface
roughness, and a finer grain structure. As a result, these films had a higher hardness compared to the
sub-stoichiometric films, with hardness levels in the range of 18–23 GPa, typical of transition metal
nitrides coatings.
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1. Introduction

Austenitic stainless steels such as AISI 304 demonstrate excellent corrosion resistance and relatively
good levels of strength and toughness, which makes them attractive and widely used engineering
materials. However, they have poor wear resistance, resulting in short lifetimes that limit their
applications where extensive surface interactions are present. Therefore, surface treatment processes
have been developed to improve the wear resistance and hardness of stainless steels [1–12]. These
treatments use plasma-based methods to create a nitrogen-rich surface layers that exhibits high hardness
and wear resistance. However, process temperatures are often limited to about 450 ◦C in order to avoid
precipitation of CrN, which has been shown to reduce corrosion resistance [2]. At lower processing
temperatures, a nitrogen-supersaturated phase is formed that is commonly called the “S-phase” or
“expanded austenite” [13–17]. Experimentally, the S-phase is characterized by the anomalous position
of the (200) reflection, giving the result that effective lattice parameters are described by the relation
a111 = a220 = a311 < a200 [16]. The crystal structure that would produce such a result has still not been
unambiguously identified, despite consideration of a large number of candidate structures [16] that
were based on small distortions of the cubic fcc-Rocksalt structure. Recent research has shown that
the observed diffraction anomalies may be due to both the presence of stacking faults and elastic and
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plastic anisotropy effects [18,19]. Despite its elusive structure, the formation of the S-phase on the
surface of stainless steels is a useful method of improving hardness and wear resistance. However, the
hardness of the S-phase layer, typically ~10–15 GPa [2–4,9,10] is still lower than what is commonly
obtained in transition metal nitrides such as TiN, which in thin-film form can reach over 30 GPa [20].

As an alternative to plasma-based methods for nitriding stainless steels, reactive magnetron
sputtering can be used to deposit N-enriched “stainless steel-nitride (SSN)” films [21–28]. Results
have shown that S-phase structured films with hardness levels similar to plasma nitrided samples
can be obtained [28]. However, in the sputtering method, the metallic component is not limited to
common stainless steel alloys, and additional metallic constituents can be added by co-sputtering
from multiple targets. Alloying stainless steels nitrides with transition metal nitrides such as titanium
nitride (TiN) to create hybrid SSN-TiN films has the potential to create coatings that exhibits higher
hardness and improved wear resistance. In this study, a systematic investigation is undertaken to
examine the effects of adding Ti during sputtering, as well as optimizing the deposition parameters for
these new films, and produce hybrid coatings combining stainless steels nitride (SSN) and titanium
nitride (TiN). The extent of Ti additions is limited here to about 12 at.%, effectively maintaining the
stainless steel elements as the main components of the coatings. The deposition temperatures were
chosen to span the range between room temperature and the typical maximum that can be used before
phase decomposition into metallic and nitride phases [28]. A substrate bias of −100 to −140 V was
used for optimization of hardness without creating excessive stress levels. The composition, structure,
grain morphology, and mechanical properties of these films are reported below.

2. Materials and Methods

Commercial targets of AISI 304 stainless steel (nominal composition: 8 wt.% Ni, 18 wt.% Cr and
74 wt.% Fe) and titanium (99.99 at.%) were used for deposition onto silicon wafers in a high-vacuum
system (base pressure of 10−6 torr (1.3 × 10−4 Pa)) by magnetron sputtering. Deposition of the
co-sputtered films from the stainless steel/titanium targets was carried out in a mixed Ar + N2 gas
mixture with flowrates of 20 sccm Ar and 5 sccm N2 at 0.67 Pa. The substrate-to-target distance in the
deposition of these films was approximately 9 cm. For all samples, a bond layer of metallic stainless
steel was first deposited to a thickness of approximately 50 nm at a bias of −50 V. Mass flow controllers
were used to set the flow rates of a mixed gas (argon and nitrogen) for SS-Ti-N. A radio frequency (rf)
power supply was used for both sputter targets, which were 50 mm in diameter. During deposition,
the substrate holder was held at a temperature ranging from room temperature to 350 ◦C. Throughout
each process, a Sycon Instruments, Inc. (East Syracuse, NY, USA), STM-100M/F rate monitor and quartz
crystal oscillator were used to monitor the deposition rate, although film thickness measurements
presented here were determined from SEM cross-section images.

X-ray diffraction (XRD-6100, Shimadzu, Columbia, MD, USA) was used to study the crystal
structure of the films and was conducted on a Shimadzu 6100 system. The system was equipped
with a CuKα radiation source (λ = 0.15406 nm) and a graphite diffracted beam monochromator. The
spectra were analyzed using the Jade 9 (Materials Data, Inc., Livermore, CA, USA) software program.
Scans were run in two separate 2θ ranges, 30◦–65◦ and 70◦–120◦, in order to avoid the large (400) Si
substrate peak. Additional X-ray diffraction studies were done with a Bruker, Inc. area-detector system
(Vantec-500, Bruker Inc., Madison, WI, USA) using monochromated CoKα radiation.

Film compositions were evaluated by X-ray photoelectron spectroscopy (XPS Axis HSi, Kratos
Analytical, Manchester, UK), allowing the determination of the atomic percentage of each element.
The analysis was carried out using a monochromatic MgKα X-ray source operating at 15 kV and 10 mA.
During XPS runs, the acquisition parameters that were used were an energy range from 0 to 1200 eV, a
step size of 1 eV, a dwell time of 200 ms and a pass energy of 160 eV. Prior to the analysis, samples were
ion-etched in the XPS using a 4 keV Ar+ ion beam in order to remove surface contaminants. The peaks
analyzed were Fe 2p, Ti 2p, Cr 2p, Ni 2p, O 1s and N 1s. The error in nitrogen concentration measurement
by XPS is estimated as ±2–4 at.%. Cross-section samples for SEM evaluation were prepared by scoring



Coatings 2019, 9, 329 3 of 14

and fracturing the Si substrate, and then examining the samples in a Tescan Lyra FIB-SEM system
(Tescan, Inc., Brno, Czechia) operating at 6 keV. Images were acquired using the secondary electron
mode and were used to evaluate film microstructure as well as measure film thickness.

The hardness of the films was first measured using a micro-indentation instrument equipped
with a Knoop indenter and a set for a 10-g indentation load. However, thickness of most of the films
was too low for accurate measurements (due to substrate effects), so these results were primarily
used as a screening test to select films for further testing using nano-indentation. Based on this initial
study, nano-identation tests were carried out on samples in groups 2–4 (see Table 1) at deposition
temperatures ranging from 150 to 350 ◦C, using a Micro Materials NanoTest indentation testing
platform (Micro Materials Ltd., Wrexham, UK) with a diamond Berkovich (3-sided pyramid) indenter.
The indentation tests were performed by increasing the indentation force until the desired indentation
depth (approximately 10% of the coating thickness, to avoid substrate effects) was reached.

Table 1. Deposition parameters and film compositions for the SS-Ti-N films.

Temperature
◦C

Iron
at.%

Chromium
at.%

Nickel
at.%

Oxygen
at.%

Nitrogen
at.%

Titanium
at.%

N/

(Fe + Ni + Cr + Ti)

Group 1: −100 V Bias, SS: 150 W, Ti: 150 W

25 35.6 9.3 4.4 10.2 35.3 5.2 0.65
150 40.3 8.9 4.4 12.5 30.4 3.5 0.53
250 37.9 9.6 4.3 8.5 34.8 4.8 0.61
350 42.0 11.5 5.0 3.7 34.8 3.0 0.57

Group 2: −100 V Bias, SS: 100 W, Ti: 100 W (*)

25 27.7 8.3 6.1 4.8 45.2 8.0 0.90
250 28.4 6.9 4.5 11.3 41.5 7.4 0.88

Group 3: −100 V Bias, SS: 50 W, Ti: 150 W

25 23.7 6.9 5.2 2.7 50.3 11.2 1.07
150 23.0 7.2 4.3 3.0 52.2 10.4 1.16
250 22.4 6.2 5.9 4.5 46.5 14.6 0.95
350 19.2 6.8 5.2 4.3 51.6 12.9 1.17

Group 4: −140 V Bias, SS: 50 W, Ti: 150 W

25 23.0 6.2 5.1 4.3 50.3 11.1 1.11
150 24.1 7.5 4.8 1.5 51.7 10.5 1.10
250 21.8 6.4 4.6 3.2 52.9 11.1 1.20
350 20.1 7.7 4.6 4.0 50.6 13.0 1.12

(*) Samples in group 2 were also deposited at 150 and 350 ◦C, but compositions were not analyzed.

3. Results

3.1. Film Composition Analysis

The aim of this study was to examine the effects of adding Ti to stainless steel nitride films and
determine the minimum Ti concentrations needed to obtain mechanical properties typical of nitride
coatings. Therefore, the deposition parameters were set to produce films with increasing amounts
of Ti in the films up to about 12 at.%. Table 1 shows the measured film compositions along with
deposition parameters employed. The samples are divided into four groups, as indicated in the table
and discussed below. Each group has a common substrate bias and gun power levels; the deposition
time was two hours for group 1 and three hours for groups 2–4. In addition, since the concentrations
of the elements in each group did not vary significantly with deposition temperature (the gun power
levels were the primary factor), the average concentrations for each group were calculated are shown
in Figure 1.
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Figure 1. Average compositions of the deposited films within each group based on the results shown in
Table 1. The increase in Ti correlates with the increase in nitrogen, which is due to the strong gettering
effect of Ti for N.

Group 1: Films were deposited using a power level of 150 W for both sputter guns, a bias level
of −100 V, and a deposition time of 2 h. The average deposition rate for this group was 0.37 nm/s.
The substrate temperature ranged from room temperature to 350 ◦C. The nitrogen content in these
films (absolute values between 30.41 at.% and 35.27 at.%) was similar to the stainless-steel nitride films
(deposited without titanium) previously studied [28]. The average Ti concentration was 4.1 at.%. It can
be noted that despite using the same power level for each sputter gun, the Ti/SS (metallic elements)
ratio was only 0.08. This indicates a much slower deposition rate from the Ti target compared to the
stainless steel.

Group 2: The power to both sputter guns was reduced to 100 W, but the effect of power reduction
was more significant for the SS gun, resulting in a higher average Ti concentration of 7.7 at.%. This also
reduced the deposition rate (0.10 nm/s), so to compensate for the reduced overall deposition rate the
deposition time was increased by 50% (to 3 h). Despite the relatively small increase in Ti compared to
Group 1 samples, the average nitrogen concentration increased significantly (from 33.8 to 43.4 at.%)
giving near stoichiometric N/Metal ratios of 0.9. The Ti/SS(metal) ratio was 0.19.

Group 3: With power levels set at 50 W SS and 150 W Ti (giving a deposition rate of approximately
0.075 nm/s), an average Ti concentration of 12.3 at.% was obtained (Ti/SS ratio of 0.36), along with
nitrogen contents between 46.5 and 52.6 at.%. Nitrogen concentrations in rocksalt-structured transition
metal nitrides are typically slightly less than 50%, so the values reported here may reflect the error
range in the XPS measurement (estimated above as ±2%–4%), although super-stoichiometric nitrides
have also been reported for magnetron-sputter deposited zirconium nitrides [29].

Group 4: Conditions here were similar to that of the third group, except the bias voltage was
increased to −140V. The bias voltage was increased in an effort to obtain improved mechanical
properties. It did not appear to significantly influence the nitrogen content or metal ratio (Ti/SS = 0.34)
in the films, although the deposition rate was slightly higher (0.1 nm/s).

In the discussion below, films will be designated by group and temperature, for example, G1-150
will refer to the group 1 film deposited at 150 ◦C, with additional parameters as shown in Table 1.
In this work, we do not present results for films without Ti additions; however, results for those films
were presented in our previous study [28] and reference will be made to that work as needed.

Figure 1 shows the average compositions for each group, and illustrates how the selected gun
parameters influenced the concentrations of each element. For the first three groups (1–3), the Fe
concentration decreased significantly, and the Ti concentration increased. The nitrogen concentration
also increased significantly, both in terms of absolute concentration and concentration relative to the
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metal content (last column in Table 1). Films in groups 3 and 4 have similar average compositions, since
the sputter gun power levels were constant and only the bias levels and temperatures were changed.

3.2. Crystal Structure

The influence of deposition parameters and Ti content on the crystal structure was studied using
X-ray diffraction. The results for the 30–65◦ range are shown in Figure 2. The peaks corresponding to
the (111), (200) and (220) reflections of the fcc-TiN structure (Fm3m, a = 0.423 nm.) are shown with the
solid vertical lines. In addition, a second set of dashed vertical lines for these reflections is shown,
but in this case the lattice constant used in the calculation was that proposed by Saker et al. [21] for
nitrided stainless steels, given by:

a(nm) = 0.3587 + 0.0013(at.%N) (1)
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Figure 2. XRD diffraction patterns of the films from groups 1–4. The solid vertical lines show the (111),
(200) and (220) fcc-based reflections for the TiN structure, while the dashed lines show corresponding
positions for the SSN structure with lattice constants based on the measured N levels and Equation (1).

The nitrogen content used in this equation was the average at.% N for each film group. As a
result, the peak positions for the SSN vary for each group relative to the TiN positions.

The X-ray diffraction results provide information on the phases formed during deposition as
well as the extent of lattice distortion (as determined from the expected (111)/(200) peak positions).
Based on the spectra for groups 1 and 2, there is no evidence for a separate TiN phase within the films,
while in groups 3 and 4 the near overlap of the calculated TiN/SSN peak locations indicates that phase
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separation will be very unlikely. This is consistent with the fact that the difference between lattice
constants of TiN (a = 0.423 nm) and SSN (a = 0.398 nm for 30 at.% N) is 6%, which is less than the
15% limit proposed in the Hume-Rothery atomic size rule. However, the larger TiN lattice causes the
peak positions to move towards lower angles as the Ti content is increased, which also corresponds
to an increase in unit cell volume. The effect of temperature is best observed in Group 1, where the
increase in temperature shifts the peaks to higher angles and therefore lower lattice constant values
(both the a111 and a200 lattice constants decreased). This effect is reduced at higher Ti concentrations.
XRD patterns obtained in the range of 70◦–120◦-2θ showed additional fcc-based reflections, however
the peaks were weaker and broader than shown in Figure 2 and therefore an accurate determination of
peak positions was not possible.

The effects of the N and Ti content in the films on the extent of lattice distortion can also be
considered. In studies of the S-phase, the inconsistent relative positions of the (111) and (200) peaks have
been frequently reported and proposed to be due to a non-cubic (mainly tetragonal) structure [14,16]
or the presence of a high density of stacking faults [17]. Although a slightly tetragonal structure has
not been conclusively established for the S-phase, the concept can be used to estimate the extent of
deviation of the structure from that of an ideal cubic lattice. Fewell and Priest [16] derived the following
equation for the c/a ratio based on the lattice constants derived from the (111) and (200) peak positions:

c
a
=

3a2
200/a2

111 − 1

2

1/2

(2)

Using Equation (2) the c/a values have been calculated for the films shown in Table 1 in samples
where the intensities of the (111) and (200) peaks were sufficient enough to calculate values for the
respective lattice constants. The results are shown in Figure 3, where the c/a ratios vary from 1.007 to
1.033. If we consider the error in the XRD peak angle measurement to be ±0.1◦, the corresponding c/a
range can be determined. Using sample G2-250 as an example, where the measured position for the
(111) peak is 38.25◦-2θ, we expect the (200) peak at 44.46◦ ± 0.1◦-2θ, which gives c/a = 1.000 ± 0.003.
Therefore, for most cases in Figure 2, the c/a values are well above that possible from errors in peak
angle measurements. While the data in Figure 3 shows some scatter, two trends can be noted: first,
the c/a ratios tend to increase with deposition temperature, and second, lower c/a ratios are generally
obtained for higher Ti (and nitrogen) concentrations in the films. XRD results presented in the work by
Kappaganthu and Sun [25] similarly showed that the degree of lattice distortion in deposited stainless
steel/nitrogen films was reduced with increased nitrogen content, and when near stoichiometric
nitrogen levels were reached an undistorted fcc lattice was obtained. In that case, higher nitrogen
contents in the films were obtained by increasing the N-partial pressure in the sputtering gas (75% N,
25% Ar), whereas in our case the nitrogen was increased by alloying the films with Ti.

For samples in group 4 significantly weaker diffracting peaks were observed, despite having a
similar thickness to films in groups 2 and 3, which suggests poor crystallinity or films with off-axis
texture. In order to investigate this further, samples in this group were examined using the Bruker
area-detector XRD system, and rocking curves were obtained for the (111) and (200) reflections.
The results are shown in Figure 4, whereψ is the angle of tilt away from the film normal axis. Intensities
in the (111) rocking curves were generally stronger than the (200). For the room temperature deposition,
there is some (111) diffracted intensity near ψ = 0, but the strongest peaks are at ψ ~ 35◦–40◦. At
150 ◦C and 250 ◦C, the (111) reflections peak near ψ = 15◦, which is close to the angle of gun tilt in the
sputter deposition system. At 350 ◦C, the peaks are weaker and more diffuse, indicating a possible
transition away from off-axis texture. The (200) grains do not exhibit off-axis tilt, but show either
random orientation or a slight preferred on-axis (ψ = 0) orientation. Samples from Group 3 (−100 V
bias) were also examined (not shown) and did not show any tendency for off-axis tilt. Therefore, the
increase of the bias voltage from −100 to −140 V causes (111) crystals to grow in the general direction
of the sputter guns; a similar effect of ion bombardment was reported by See et al. [30]. We also note



Coatings 2019, 9, 329 7 of 14

that examination of the Bruker area diffraction patterns at −140 V bias did not show any additional
phases formed beyond that reported for groups 1–3.
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3.3. Film Microstructure

SEM cross-section images are shown in Figure 5a–d for the films in Group 1. In Figure 5a,
deposited at 25 ◦C, the film shows a granular-powder-like morphology. Increasing the temperature to
150 ◦C, Figure 5b, shows a distinct columnar structure. It should be recalled (see Figure 2) that this
film had a strong (111) texture, which may develop due to the increase in adatom mobility. Further
increases to 250 ◦C and 350 ◦C show a coarse, faceted morphology with a voided columnar structure
indicating low film density. The film thickness in these samples ranges from 2.4 to 2.9 µm.
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images were taken in the secondary electron mode.

Figure 6 shows SEM cross-sections of films from group 2 and 3. For film G2-25 (deposited at
25 ◦C), there is a discontinuous columnar structure and a relatively smooth surface. Increasing the
temperature to 150 ◦C (Figure 6b) resulted in distinct angular crystallites, and highly faceted crystal
tops, resulting in a rougher surface. Still higher temperatures of 250 ◦C (c) and 350 ◦C (d) revealed
coarse grains, rough surfaces, and poor film density. Films deposited in group 3, which had an average
of 50 at.% N and 12.3 at.% Ti, are shown in Figure 6e–h. At 25 ◦C, (G3-25) the structure is slightly
more refined than the corresponding film from group 2. More significant differences are noted in
comparing the films deposited at 250 ◦C and 350 ◦C. Here we observe that films in group 3 have
more densely packed, finer crystallites, improved film density, and reduced surface roughness in
comparison to group 2 films. At the highest temperature (G3-350), there is some coarsening of the
structure, although not quite as extensive in sample G2-350. Since the bias levels for groups 2 and
3 were both −100 V, the general refinement of the grain structure can be attributed to higher Ti and
N concentrations in group 3 films. Films from group 4 were also examined (not shown) and also
exhibited dense columnar structures with highly smooth surfaces, although some coarsening and
surface roughening was observed at the highest deposition temperature (350 ◦C). Overall, films with
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higher Ti/N levels had improved film density smoother surfaces, and avoided formation of coarse,
faceted grains, while the increase in substrate bias (from −100 to −140 V) did not significantly alter
grain structure. However, the effect of more energetic ion bombardment likely has an impact on other
film characteristics, such as defect structure, dislocation density and film stress, effects which have
been well-documented in the literature [31].Coatings 2018, 8, x FOR PEER REVIEW  10 of 15 
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Figure 6. SEM cross-section secondary electron images for films deposited from groups 2 and 3. Films
shown in (a–d) are from group 2, and show the development of coarse, faceted crystals with rough film
surfaces. Films in (e–h) show improved film density with smoother surfaces, although some coarsening
and roughening is observed at 350 ◦C.

3.4. Mechanical Properties

An initial assessment of film hardness was made using Knoop micro-hardness testing. For films
in group 1, results were similar to those obtained for films without Ti [28], with hardness levels in the
range of 1000–1500 kg·f/mm2. However, the lower thickness for films in groups 2–4 required the use of
nano-indentation, the results shown here focus on the films deposited in the 150–350 ◦C temperature
range in groups 2–4. With nano-indentation, the appropriate load was selected so that the indentation
depth did not exceed 10% of the film thickness. The results of the nano-indentation tests are shown in
Figure 7. Films in Group 2 showed the lowest hardness, and also corresponds to the lowest (7.7 at.%)
titanium and nitrogen (43.4 at.%) concentration for the three groups shown in the figure. For films
in Groups 3 and 4 the hardness values ranged from 18 to 23 GPa. While the Ti concentration for
these groups is similar (12.3 for Group 3 vs. 11.4 for Group 4), the higher bias in Group 4 samples
(−140 V) provided higher hardness in the 250 ◦C and 350 ◦C samples. The hardness values obtained
for these latter 2 groups are generally typical for transition metal nitrides [20,31] and are significantly
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higher than previously reported levels for nitrided stainless steels [3,10] and stainless steel-nitride thin
films [21,28]. The reduced modulus values for these samples were in the range of 221–260 GPa.Coatings 2018, 8, x FOR PEER REVIEW  11 of 15 
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levels and improved film density.

4. Discussion

Films of nitrogen-incorporated stainless steel have been modified by the addition of titanium
by co-sputtering, and the structure and mechanical properties of the films have been examined. For
SS-N films with average Ti concentrations of 4.1 at.% (group 1 in Table 1), the concentration of N
was similar to films deposited without Ti [26]. This level of nitrogen (33.8 at.%) is also close to that
predicted by Christiansen and Somers [32] (38 at.%) for metastable equilibrium conditions in 304 and
316 stainless steels. The N concentration increased in group 2, which had an average of 7.7 at.% Ti with
43.4 at.%N. Further additions of Ti, to concentrations of 12.2 at.% (Group 3 average) or 11.4 at.% (Group
4 average) increased the N concentration to stoichiometric levels. These results can be considered
in terms of the nitride-forming characteristics of the elements in stainless steel as well as titanium.
Among these elements, TiN has the largest (negative) enthalpy of formation (∆Hf

0 = −337.65 kJ/mol),
with a somewhat smaller value for CrN (∆Hf

0 = −117.15 kJ/mol), and significantly lower for Fe-nitrides
(−3.74 kJ/mol for Fe2N and −10.4 kJ/mol for Fe4N) [33]. Therefore, the addition of Ti to stainless
steel-nitride would be expected to increase nitrogen content. However, there appears to be a threshold
in Ti content required to significantly increase the N concentration in the films (under the deposition
conditions applied here), and the current experiments indicate this is between 8 at.% and 11 at.% Ti.

X-ray diffraction analysis of the higher-Ti films did not show any peak splitting or evidence of
phase separation between Ti and the stainless steel constituents. This would suggest that the Ti atoms
occupy random sites on the metal sublattice, although the close proximity of the TiN and SSN peaks
in the higher-Ti samples (as shown in Figure 2 for groups 3 and 4) make a more detailed analysis
difficult. Oddershede et al. [34] conducted EXAFS studies on nitrided AISI 316 stainless steel samples
and concluded that the clustering of Cr atoms in the form of CrN, or even coherent CrN platelets were
possible scenarios. Ti atoms would have an even stronger tendency for clustering due to the larger
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enthalpy of formation for TiN. However, additional studies are needed to determine if there is any
evidence for such Ti-atom clustering on the metal sublattice.

TiN and CrN are commonly used and well-studied hard coating materials [31,35–37]. Fe-nitrides
are less commonly used as hard coatings, although a limited number of studies have been conducted
to examine their synthesis and mechanical properties [38–40]. Although films of nickel nitrides have
been synthesized and studied [41,42], Ni has little affinity for nitrogen and as a poor nitride former,
has limited commercial potential. While nitridation of stainless steels, primarily by plasma nitriding
methods, has achieved a measure of commercial success, thin films of stainless steel-nitride have lower
hardness than TiN or CrN [31,35] which limits potential applications. In this study, Ti additions have
been shown to have a strong effect on film hardness levels, with significant increases observed at
higher Ti levels. Hardness levels for stainless steel nitrides have been typically reported in the range
of 10−15 GPa [2–4,9,10,24] although in thin films nitrides there is a strong dependence on deposition
method and parameters used. In our recent study we found a Knoop hardness of 1275 kg/mm2 for
S-phase-structured films deposited at 350 ◦C and a bias level of −140 V. Under similar conditions
for the films in the present study, namely, sample G4-350, the hardness was 23.9 GPa (equivalent to
2200 kg/mm2 [43]), thereby representing nearly twice the hardness. For the N-stoichiometric films in
groups 3 and 4 the hardness ranged from 18.2 to 22.9 GPa, which is in the typical hardness range for
transition metal nitrides such as TiN and CrN.

The hardness of thin film nitrides can be related to intrinsic strength as well as microstructural
characteristics. Comparison of films in Figures 5 and 6 show that the Ti additions promote increased
film density, a refined grain structure and reduced surface roughness. The coarse, faceted grains
observed in films with low Ti contents (as well as films without Ti [28]) likely contribute to their lower
hardness. This microstructural effect may also be due to their substoichiometric N concentrations,
however, as lower N levels may also cause a reduction the intrinsic hardness. Supporting this latter
hypothesis is the observation that the film in Figure 6h, G4-350, with 50.6 at.% N, showed as significantly
coarser and open grain structure than G4-250, and yet had the highest hardness of all films tested.
In addition to hardness, the reduced modulus values for these samples were determined and found to
be in the range of 221–260 GPa. Additional studies on the fracture toughness and stress levels for these
films using nano-indentation related methods [44,45] will help promote a better understanding of the
competing factors of intrinsic strength vs. the effects of microstructure.

Based on the relative amounts of the stainless steel elements (Fe + Cr + Ni) vs. Ti under similar
gun power levels (see Table 1, group 1), it is clear that the deposition rate of the stainless steel nitride
is significantly higher than the rate of deposition from the Ti target, which could offer an economic
advantage over TiN coatings. However, the stainless steel nitride coatings have inferior hardness and
which implies poorer tribological properties. Modest additions of Ti to the stainless steel nitride are
shown here to allow the coatings to reach full nitrogen stoichiometry and hardness levels competitive
with TiN. In practice, the use of composite sputter targets may provide a way to obtain the desired film
compositions and increased deposition rates compared to TiN alone.

5. Conclusions

Films of nitrogen-incorporated stainless steel have been modified by co-sputtering with titanium
in a mixed Ar/N2 atmosphere. The following conclusions can be made from this study:

• The effects Ti additions to stainless steel nitride films, up to a concentration of 12 at.% were
examined and did not reveal the formation of any new, additional phases. All films had a
nominally fcc-based structure with varying degrees of lattice distortion. Within this composition
range, TiN appears to form a solid solution with stainless steel-nitride; however, the possibilities
of Ti clustering on the metal sublattice or short-range ordering of N atoms cannot be discounted
based on the observations made in this work.

• The film structure was further evaluated by determination of the c/a ratio based on the (111)/(200)
peak positions. Values of c/a > 1 were observed for most films, which can be associated with the



Coatings 2019, 9, 329 12 of 14

formation of the S-phase. The effect of Ti was to increase the incorporation of N into the lattice,
resulting in lower lattice distortion.

• Films with higher titanium levels (generally >10 at.%) showed higher film densities, reduced
surface roughness and a reduction in the coarse, faceted grain structure that is characteristic of
stainless steel-nitride coatings.

• The hardness of the films with higher Ti and N levels (group 3 and 4 in Table 1) was significantly
higher than stainless steel nitride films or plasma-nitrided stainless steel surfaces previously
reported in the literature. However, the effects of deposition parameters (temperature, bias) were
less notable, as all films at the highest Ti compositions (groups 3 and 4) showed hardness levels
between 18–23 GPa.
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