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Abstract

Plasma-based ion implantation (PBII) is a burgeoning surface treatment technique as it offers the possibility of treating
complex-shaped and large samples without target manipulation. However, the technique has not been widely adopted in the
metallurgical industry due to the difficulty to achieve a thick modified layer at low temperature. In this paper, we describe a
method combining PBII and ion mixing to synthesize titanium nitride (TiN) on 304 stainless steel. Titanium and nitrogen ions are
generated by a metal arc plasma source and hot filament glow discharge, respectively. By using three different sets of experimental
conditions, we investigate the effects of different implantation and deposition parameters on the surface properties of TiN. Results
from Auger electron spectroscopy, glancing X-ray diffraction, pin-on-disk test, and microhardness determination reveal signifi-
cantly improved tribological properties. The enhancement is a consequence of the synergistic effects of the coexistence of titanium,
oxygen, and nitrogen, as well as the ion mixed interface. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Plasma-based ion implantation (PBII) is a fledgling
technique to enhance the surface properties of materials
and industrial components [1-4]. The non line-of-sight
advantage obviates the need for complicated sample
manipulation and beam scanning techniques when
treating complex-shaped samples. However, owing to
the limited energy range in ion implantation, electronic
and nuclear stopping in the substrate leads to rapid
deceleration of the implanted species, and it is difficult
to fabricate a modified layer thick enough for practical
or industrial use. It has been shown that elevated
temperature ion implantation (both beam-line and
plasma-based) can yield thicker layers by combining
energetic ion introduction with thermal and transient-
enhanced diffusion [5—7]. The thicker layer can endure
more wear and tear and better cope with the harsh
environment in real engineering applications or in the
field. Unfortunately, elevated temperature ion implan-
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tation processes such as ion nitriding or carburizing are
not universally applicable due to thermal conflicts,
strict dimension tolerance, or low melting point of the
treated materials. For instance, ion implantation into
aluminum alloys at over 300°C can lead to material
softening and other deleterious effects [8]. Hence, there
is the need to design a low temperature process to take
advantage of the non line-of-sight and high throughput
benefits of plasma-based ion implantation. A technique
employing dynamic mixing in concert with plasma-
based ion implantation/deposition offers several advan-
tages: (1) efficient treatment of non-planar targets
without sample manipulation, (2) low temperature, (3)
good adhesion between the film and substrate, and (4)
versatile process with parameters such as deposition
rate, implantation rate, ion energy, plasma density,
plasma gas pressure, and so on individually adjustable.
Conrad et al. [9] used helium and nitrogen plasma
immersion ion implantation (PIII) to process TiN and
Ti films, respectively. Matossian [10] treated TiN coat-
ings on high-speed steel cutting tools with nitrogen
PIII. In addition, formation of nitride or oxide of
titanium, niobium, aluminum, and copper has been
demonstrated by reactive ion implantation/absorption
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Fig. 1. Schematic of the plasma immersion ion implantation equip-
ment. Four sets of electron emitting filaments and four sets of
MEVVA sources are positioned symmetrically around the vacuum
chamber.

[11-14]. Recently, the combination of PIII and unbal-
anced magnetron sputtering from TiN has been re-
ported [15]. In this paper, we present a different method
utilizing metal vacuum arc and hot filament glow dis-
charge to obtain titanium and nitrogen plasma for
implantation and deposition. Titanium is deposited
onto the stainless steel during the ‘off-cycle’ of the
sample high voltage pulses and implanted at the sample
bias during the ‘on-cycle’. The incorporation of nitro-
gen via implantation enhances the properties of the TiN
films.

Table 1
Experimental conditions

2. Experimental

A schematic of the plasma immersion ion implanter
used in this work is displayed in Fig. 1 and has been
described in details elsewhere [16]. The nitrogen plasma
was sustained by hot filament glow discharge in the
main vacuum chamber, and the titanium plasma was
generated in the metal vacuum arc plasma source
(MEVVA) and diffused into the vacuum chamber. The
plasma in the vacuum chamber thus contained tita-
nium, nitrogen, or both titanium and nitrogen ions. To
reduce sample heating, a medium plasma density of
6.0 x 108 cm ~3 for nitrogen and 1.0 x 10! ¢cm =3 for
titanium was selected. The plasma density was mea-
sured by a Langmuir probe prior to each experiment. A
25 mm diameter SS304 stainless steel bar was cut into 4
mm thick discs. One side of each sample was polished
to a mirror finish using standard metallographic tech-
niques. The SS304 stainless steel samples were laid on
the sample platen connected to a high voltage power
modulator. During the negative high voltage pulses,
pure titanium ions, pure nitrogen ions, or both of them
were implanted into the exposed surface at the applied
voltage since the pressure inside the vacuum chamber
was low enough that collisionless conditions were met.
During the ‘off-cycles’ of the power modulator, tita-
nium condensed while nitrogen and oxygen were ab-
sorbed onto the sample surface. We conducted three
experiments using different conditions and the instru-
mental parameters and processes are listed in Tables 1
and 2.

3. Results and discussion

The samples were depth profiled using Auger elec-
tron spectroscopy (AES) to determine the elemental
composition and film thickness. The film thicknesses of
the samples treated by the three processes described in
Table 1 are shown in Fig. 2, whereas the AES results
acquired from sample 2 (process 2 in Table 1) are

Process no. Experiments Ambient Plasma source Processing time
(min)

Process 1 Titanium ion implantation/deposition Nitrogen gas MEVVA 90

(sample 1)
Process 2 Titanium deposition, titanium and nitrogen ion im- Nitrogen plasma MEVVA and filament glow 90

(sample 2) plantation discharge
Process 3 (a) Titanium ion implantation/deposition Nitrogen gas MEVVA 10

(sample 3) (b) Titanium deposition Nitrogen gas MEVVA 20

(c) Nitrogen ion implantation Nitrogen plasma Filament glow discharge 20

Repeat (b) and (c)

40
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Table 2
PBII instrumental parameters

Sample voltage (kV)

Frequency ( Hz) Pulse duration (ps)

Deposition 0
Deposition/implantation 0/20
Implantation 20

100 200
100 170/30
100 30

displayed in Fig. 3. Processes 2 and 3 yield a thicker
film (2500 A compared to 500 A for process 1) corre-
sponding to an effective deposition rate of ~ 0.5 As—1,
As the rise in the sample temperature is mainly due to
the implanted ion flux [17,18], a low plasma density and
implantation frequency were used in the low tempera-
ture processes described here. The substrate tempera-
ture is not directly monitored in these experiments, but
based on previous work in which our in-situ thermo-
couple detector was in place, the substrate temperature
here is lower than 150°C judging from the current
waveform. However, it should be noted that a higher
film deposition rate can be achieved through a higher
plasma density and duty cycle if a higher temperature
can be tolerated. Co-implantation of titanium and ni-
trogen ions in process 2 provides the target with more
energy than either pure nitrogen ion implantation (pro-
cess 3) or pure titanium ion implantation (process 1)
alone and the sample temperature is highest in process
2. However, it should be noted that the temperature
reached in process 2 is still quite low. In a separate
experiment in which samples were treated using process
2 for different time, it was discovered that the interface
thicknesses derived from Auger depth profiling data
were comparable [19]. This illustrates that the sample
temperature reached in this and the other two processes
is low enough that thermal diffusion is not significant.
A surface layer containing titanium, nitrogen and oxy-
gen is observed on all three samples. Since our equip-
ment does not operate in ultra-high vacuum (UHYV)
conditions, there is oxygen contamination in the resid-
uval vacuum. Even though oxygen is only a minor
constituent in the plasma, the high oxygen content in
the layer reflects the high adsorption rate of oxygen by
a plasma-activated titanium or titanium nitride surface.
It has been discovered that some residual species in the
vacuum chamber may be beneficial to surface modifica-
tion [20,21]. Our results are thus consistent and the
effects of oxygen will be discussed later in this article.

The structures of the three samples were determined
by glancing angle x-ray diffraction (GXRD) using the
CuK, excitation line. The lattice parameters are com-
pared to the powder diffraction database. Fig. 4 ex-
hibits the 2° grazing XRD spectra acquired from the
three samples. The titanium and titanium nitrides (in-
cluding TiN, Ti,N) peaks are quite small due to the
high intensity of the austenite phases of the SS304 base

metal, but nonetheless, the formation of nitrides is
evident. On account of the difference in the nitrogen
incorporation mechanism, different titanium nitride
contents are observed in the three samples. In process 2,
nitrogen in the film comes from both direct implanta-
tion and absorption of nitrogen species from the overly-
ing nitrogen plasma, and more TiN phases are
observed. In comparison, less nitrogen is incorporated
in process 1 (gas adsorption only) and process 3
(shorter exposure time to nitrogen plasma), and the
TiN peaks are weaker than those in process 2.

The surface microhardness data obtained by a MAT-
SUZAWA MXT-27 digital microhardness tester are
shown in Fig. 5. All three treated samples show in-
creased hardness which can be attributed to the forma-
tion of TiNO and the enhanced interfacial properties
due to ion mixing. The microhardness of sample 3
improves by over 60% at a load of 25 g. Interestingly,
although the film produced in process 1 is only one-fifth
of that of sample 2 (process 2), their hardness results
are nearly the same. Judging from the results, the depth
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Fig. 2. Film thickness of the three samples determined by AES.
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Fig. 3. Auger depth profile of sample 2 (process 2).
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the pin-on-disk test, a 25 g load was applied to a 6 mm
diameter silicon nitride ball without lubricants applied
to the sample surface. The coefficients of friction as a
function of the number of rotations are plotted in Fig.
6. The improvement is quite apparent for the treated
samples. Sample 3 has a very low friction coefficient
which remains at 0.15~0.20 till the end of the test.
Comparable frictional characteristics can also be ob-
served for Ti6Al4V materials treated by PIII at above
500°C or plasma nitriding [22], confirming that our low
temperature technique is as effective as conventional
treatment at a much higher temperature.

The rate of wear can be determined by stylus profilo-
metric measurements of the wear tracks, and the results
are exhibited in Fig. 7. Each data point is an average of
four measurements. After 500 turns, the cross-sectional
area of the wear track on the untreated sample is as
high as 25 um?. In contrast, the treated samples reveal
smaller wear track size, with sample 3 showing the
smallest wear and a wear track area of only 1.5 pm?
The improvement is more than a factor of fifteen. The
SEM micrographs displayed in Fig. 8 corroborate the
wear track measurements by stylus profilometry. As
shown in Fig. 8a, the untreated sample shows severe
wear as well as adhesion, abrasion and plastic deforma-
tion in and around the wear track. The track is wide
and deep, and consists of grooves up to 2000 ~ 3000 A
in depth demonstrating severe metal sticking and tear-
ing. The edges of the wear track are ragged and defor-
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Fig. 4. Glancing X-ray diffraction spectra of: (a) sample 1 (process 1),
(b) sample 2 (process 2), and (c) sample 3 (process 3).
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Fig. 5. Microhardness data at a loading of 25 and 100 g.

of the indent is larger than the TiNO film thickness
which is less than 0.25 pm.

The tribological behavior of the untreated and
treated samples is assessed using a pin-on-disk test. The
wear tracks are investigated by Alpha-step stylus profi-
lometry and scanning electron microscopy (SEM). In
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Fig. 6. Coefficients of friction versus number of turns determined by
pin-on-disk test.
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Fig. 7. Wear track cross-sectional areas obtained after 500 rotations
at a loading of 25 g for the three samples.
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Fig. 8. Scanning electron micrographs of the wear tracks of: (a) untreated sample, (b) sample 1, (c) sample 2, and (d) sample 3.

mation slip bands have formed indicating plastic defor-
mation of the materials close to the tracks. On the
other hand, the wear track of the treated sample mani-
fests as fine, shallow grooves without severe smearing.
Based on the profilometric measurements, sample 3
shows the smallest and smoothest wear track. In com-
parison, slight plastic deformation and a deeper track
are visible on samples 1 and 2. The tribological charac-
teristics are consistent with the surface microhardness
and friction coefficient data in that sample 3 possesses
the lowest friction coefficient and the highest hardness
among the three samples.

Our process is unique in that it combines metal and
gas plasma treatment in a sequential or simultancous
way. The surface TiNO layer that enhances the surface
properties is formed by deposition and ion implanta-
tion. The dynamic ion mixing process not only in-
creases the strength of the film, but also the adhesion of
the film to the substrate (inferred by the microhardness
and pin-on-disk data). It is observed that if Ti is
implanted/deposited in a nitrogen ambient (without
nitrogen plasma formation), the film thickness is much
smaller (process 1). We believe the reason to be exces-
sive sputtering by the Ti ions without the mitigation

effects of nitrogen. Anders et al. [23] have shown that
only when the deposition to implantation ratio is small
can excessive sputtering be circumvented and a thick
film be formed. In processes 2 and 3, direct nitrogen ion
implantation from the overlying plasma increases the
amount of nitrogen available to form TiN and curbs
the sputtering effects. The improvement on the micro-
hardness and tribological properties can be ascribed to
TiNO formation. In fact, the Ti to (N + O) ratio is
nearly 2:3 confirming the co-existence and synergistic
effects of TiN and TiO, [13,24] as TiO, provides addi-
tional hardening effects [25]. This may explain why
process 3 produces the highest microhardness despite a
relatively weak titanium nitride peak in the XRD spec-
trum. After all, it has been reported that nitrogen ion
implantation into titanium alloys not only produces
nitride in the near surface region, but promotes the
formation of a smooth oxide film on the surface as well.
At the same time, the oxide layer is stabilized by
nitrogen [26—28]. We thus believe that the enhanced
properties are the direct consequence of the synergistic
effects of titanium, oxygen and nitrogen as well as
dynamic ion mixing. The dominant mode of wear is
changed to that of a mild, oxidative nature involving
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the loss of fine oxide particles from the alloy surface. It
thus follows that our dynamic PIII mixing process
encompassing titanium deposition, titanium, oxygen,
and nitrogen ion implantation, as well as oxygen ad-
sorption yields superior tribological properties. Our
observation is in line with that of direct oxygen ion
implantation into Ti6Al4V [29-31]. In summary, our
process increases the microhardness and stabilizes the
treated surface by means of a protective layer consisting
of titanium oxynitride which mitigates wear by retard-
ing the detachment of abrasive oxide particles.

4. Conclusion

Titanium oxynitride layers are formed on 304 stain-
less steel by dynamic mixing plasma-based ion implan-
tation. The thickness depends on the processing
conditions. Pure Ti implantation/deposition yields the
thinnest film due to unmitigated sputtering. When con-
ducted together with nitrogen PBII, the film thickness
increases by a factor of five. The sample treated by
sequential Ti and N implantation/deposition has the
best characteristics. This can be attributed to the syner-
gistic effects of ion mixing and coexistence of titanium,
oxygen, and nitrogen. The proposed process is very
flexible, versatile, and suitable for complex-shaped sam-
ples. For example, by synchronizing the metal plasma
and sample bias pulses, the process can be altered easily
to perform 100% deposition, 100% implantation, or any
deposition to implantation ratio. The significance of
our results is that a low temperature plasma-based
process can effectively produce a thick enough func-
tional film with good properties and this should provide
the needed impetus for the commercialization of
plasma-based ion implantation.
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