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In this work the influence of pre-treatment cleaning processes in the adhesion of TiN films deposited
by the plasma based ion implantation and deposition (PBII&D) process over plasma nitrided AISI 316L
stainless steel was investigated, varying the gas composition, the duration of the sputtering process
and the temperature in the same deposition chamber. The TiN film morphology was scrutinized with
scanning electron microscopy on the surface complemented with focus ion beam for the cross section.
The film microstructure was characterized with X ray diffraction. The adhesion of the coatings was
studied using the Scratch Test with constant load at different values and the Rockwell C indentation
method as well. It was found that only with the sputtering carried out in a H, - Ar gas mixing at 300 °C
temperature used as pre-treatment was successful to prepare the nitrided surface for the subsequent
TiN deposition by the PBII&D process.
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1. Introduction

The AISI 316L austenitic stainless steel is widely used
in the chemical, food, petrol and in nuclear industries as
well as in biomaterial technology due to the excellent
corrosion resistance in aggressive environments and
good biocompatibility'. However, its low hardness, high
friction coefficient and poor wear resistance limit potential
applications®. To improve their tribological properties without
losing corrosion resistance, several surface treatments
have been applied and positives results were obtained
with plasma assisted processes’. It is known that the “S”
phase or expanded austenite produced after ion nitriding
increases hardness and wear resistance in stainless steels,
but the corrosion resistance is not always maintained*>.

Ceramic coatings have been investigated to improve
not also wear but corrosion resistance of steels, due to
their chemical inertness in aggressive environments.
Coatings like TiC, TiN and WC have a high hardness and
are commonly used for hardening cutting tools made of
high speed steel. Many of these coatings, e.g. TiN, can
be applied by plasma vapor deposition process (PVD).
Cathodic arc deposition is a useful PVD technique for the
growth of films that promotes dense nanostructured films
formation with good adhesion and high deposition rate®.
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Plasma Based Ion Implantation and Deposition (PBII&D)
is a technique in which the sample to be treated is biased
at high pulsed voltage. A metal plasma source is normally
used to generate the condensable plasma, the metallic ions
are implanted during the pulse time on, and they condense at
the surface in the time off. The high ion energy, of some keV,
generates a mixing layer at the interface in the beginning,
and cause the penetration of the ions a few atomic layers
in the growing film, leading to an atomic rearrangement in
favor to the densification of the film”$.

The adhesion of the coatings to the substrate is a
fundamental factor in all the applications to prolong the
lifetime of workpieces. Several studies have demonstrated
that duplex processes, so as PVD hard coatings deposited
onto ion nitrided stainless steel improved the adhesion
and wear resistance because the nitrided substrate acts as
mechanical support for the hard coating, avoiding a plastic
deformation that could cause the coating failure due to the
high hardness gradients®'*. It is well known that the presence
of oxide layers and contaminants on the stainless steels are
also present after ion nitriding and the removing of them
is a problem necessary to solve before the coating process.
The most common techniques to improve films adhesion are
the pre-treatments for surface cleaning before introducing
the samples in the reactor, as well as the deposition of a
metallic interlayer between the substrate and the film'*!.
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Barshilia et al. observed that the incorporation of a thin
Ti interlayer helps in dissolving oxide contaminants at the
interface'¢. A study about the influence of surface grinding
and plasma nitriding on residual stresses for TIAIN and Ti/
TiAIN coating deposited onto X37CrMoV5-1 steel, found
the film adhesion improved when the substrate was plasma
nitrided. The higher hardness of the nitrided samples was
related to an increase of compressive residual stresses of
the substrate, the slight difference between the residual
stresses of the substrate before deposition and the residual
stress of the coating benefited the film adhesion'.

In some studies of coatings over stainless steels, Ar
sputtering has been applied to clean the samples once they
were in the reactor to remove the characteristic passive
oxide layer of this kind of steel'”. A few works included
Ar - H, to clean the surface before coating stainless steels
or mild steels'®'?, while Ar — H, or H, sputtering has been
applied with very good results to clean the stainless steels
before plasma nitriding treatment's?. Ar— Kr sputtering at
600 °C was employed as a cleaning treatment of nitrided
tool steels before coating with AITiN?!.

There are also several studies about the benefits achieved
with the deposition of thin Ti interlayer, as the inhibition
of crack propagations and the reduction of surface residual
stresses, among others, that improve the coating/substrate
adhesion''*>%, In a previous work, it was found that a Ti
interlayer deposited onto the 316L improved the adhesion
of PBII&D TiN coatings?.

However, a scarce number of publications dealt with
hard coatings on plasma nitriding austenitic stainless steels
and the effect of the nitrided layer and the pre-cleaning
treatment of these modified surfaces on the adhesion of
hard coatings deposited with PVD. This work presents
the results of the influence of pre-cleaning processes on
the adhesion of Ti/TiN films deposited by PBII&D over
AISI 316L which were previously plasma nitrided. The
studied variables of the cleaning treatment after Plasma
Nitriding (from now on PN) and before the PBII&D
processes included the sputtering gas composition and
the temperature.

2. Material and Methods

Samples of 5 mm high and 25 mm in diameter were
cut from an AISI 316L bar whose chemical composition,
certified by the manufacturer, is presented in Table 1. They
were rectified in one face. The surface to be treated was
grinded with increasing grade up to 1000# grid SiC paper.

Table 1. Chemical composition AISI 316L
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The PN process was carried out in an industrial device of
IONAR S.A. (Argentina). The samples have been sputtered for
2.5 hours, at 450 °C of temperature, in a gas mixture of 50% Ar
+50% H, and then plasma nitrided in the same reactor for 20
hours, at 420 °C temperature, with a DC pulsed discharge, in a
gas mixture of 20% N, + 80% H,,. After PN the samples have
been grinded with 1000# grid SiC for 1 minute. The nitrided layer
consisted, as it was already published®, of expanded austenite,
9-10 microns width, and with approximately 950 HV hardness.
Before the coating process, all nitrided samples were cleaned
using acetone for 30 minutes in an ultrasonic bath, and after
that, they were introduced into the experimental cathodic arc
equipment, which scheme is presented in Fig. 1. The electrical
circuit of the discharge is powered by a current source of 18
kW. The arc discharge takes place between an electrode system
consisting of a titanium cathode and the stainless steel vacuum
chamber that acts as anode; both electrodes are cooled by water.
The vacuum system consists of two diffuser pumps assisted
by a mechanical pump. The base pressure of the chamber is ~
1.10”°Pa. The device allows the control of gas flow of Ar, H,
and N, employing mass flow controllers. The sample holder
faces the cathode and has a heater, which allows heating up
the sample to 300°C. The sample holder is biased with a high
voltage pulse generator of 12 kW (0-15 kV, pulse width ~
50 ps, 20 A maximum current, variable frequency from 100
to 700 Hz). The nitrided samples were placed at 0.25 m away
from the cathode surface in the PVD chamber.

Figure 1. Scheme experimental Cathodic Arc equipment.
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The surfaces were pre-treated with sputtering in a glow
discharge at 10 mA current and a pressure of 40 Pa. The arc
current for the PBII&D process was set at 100 A. The Ti
interlayer was deposited at the base pressure, while the TiN
films were obtained in a N, atmosphere at 102 Pa. The samples
were biased with negative pulses of 6 kV peak voltage, at
frequency of 200 Hz. All the samples were coated with Ti/
TiN films (1.9 £ 0.2) um thick.

Five process conditions were carried out and the main
parameters of each one are listed in Table 2. In this table,
the sputtering parameters of the pre-treatment and the PVD
process are described, including the condition denominations.

The samples of condition I were cleaned in Ar glow
discharge for 60 minutes and the whole process was performed
at room temperature. For the samples of condition II the
whole process was carried out at 300 °C. For condition III the
sputtering time was increased to 150 minutes. For the other
two conditions (IV and V) the gas atmosphere was changed
adding H, to the mixture, and the time was set at 150 min,
keeping the samples at room temperature for condition IV
and at 300 °C for condition V.

The surface coating was observed with a Scanning Electron
Microscope (SEM) Philip 515, and combining a Focused
Ion Beam (FIB) with the SEM, the cross section structure
was studied. The cross section features were also examined
with SEM in samples cut in a cryogenic bath. The samples
were discs of Imm high cut from the same stainless steel bar.
Some of them were marked in half with a deep groove from
the back face to the face to be treated. After that, they were
nitrided in the same process as the thick discs, and coated
with Ti/TiN. After removing them from the PVD device,
they were immersed in liquid nitrogen and broken. X Ray
Diffraction (XRD) in the Bragg-Brentano geometry using
Cu-Koa radiation was used to determine the crystal structure.

The coating adhesion was evaluated by two methods.
One of them was the Scratch Test, employing a Scratch Tester
designed and built according to ASTM C-1624 Standard?,
with constant loads for each scratch but increasing it from 5 to
50 N, under unlubricated conditions and at room temperature.
The considered critical load was the load at which the film
presented some delamination, inside or beside the track.

The advantage of proceeding with a constant load is that
the indenter acts for a long way with the same speed and
it is possible to analyze the damage throughout the track,
making also possible to differentiate damage levels for each
load. Besides, the fact of being able to perform the test
several times with the same load leads to greater reliability
due to the statistic. This test measures the adhesion strength
between the film and the substrate system. From the track
observation, it is possible to identify the type of failure, which
depends on the film thickness, the substrate hardness and
the interface adhesion, among others'?. The second method,
Rockwell C Indentation test was also carried out employing
a Rockwell Indenter and the indentations were observed with
an optical microscope to classify the adhesion according
the criteria from H1 to H6 scale of VDI 3198 Standard, the
chart is reproduced in Fig. 2?7. This standard only suggests
practicing, at least, two indentations in each sample in order
to evaluate the damage, due to the slight variability of the
test. Considering that the adhesion interphase could not be
homogeneous all across the samples, several indentations
were carried out in each one. In this test, compression forces
are produced during the loading process and the shear forces
increase toward the border of the track.

Figure 2. VDI 3198 test indentation evaluation.

3. Results and Discussions

The appearance of the samples when they were removed
from the PVD chamber resulted different in each condition.
For the first three conditions (I, IT and I1I), when the sputtering
gas was only argon, in more than 60% of the samples, the
coating did not look homogeneous at all and, at least in 50%

Table 2. Summary of the main parameters of the five studied conditions

Pre — treatment PVD process Condition
60 minutes Ar sputtering
Room temperature PBII&D I
60 minutes Ar sputtering
300°C PBII&D+T I
150 minutes Ar sputtering
300°C PBII&D+T 11T
150 minutes 50% Ar + 50% H2 sputtering
Room temperature PBII&D v

150 minutes 50% Ar + 50% H2 sputtering
300 °C

PBII&D+T v
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of them it detached completely after a few minutes outside
the processing chamber. For the condition IV, with the H,
incorporation in the gas mixture, only 10% of the coatings
delaminated. Finally, in the case of condition V, all the films
were homogeneous and no delamination was observed.
Typical images of the coating surfaces are presented in Fig. 3.
The picture of Fig. 3a) corresponds to a coating completely
detached, Fig. 3b) shows a not homogenous film, and Fig.
3c) exhibits a homogenous film. For this study only the
samples in which the remaining coated area was more than
50% of the whole surface were considered.

4. Microstructure

Regardless of the pre-treatment conditions, the film
morphology, structure and thickness did not present major
variations, only the adhesion and mechanical properties
of the interface, exhibited changes. For this reason, XRD
results and FIB-SEM are showed for one condition only.

The SEM examination of the coated surface revealed
the formation of droplets, characteristic of the PVD vacuum
arc deposition, as it can be observed in Fig. 4a). Fig. 4b)
presents images obtained by FIB-SEM in a cross section of
a film of (2100 + 50) nm thickness, representative for all
conditions. In this figure, it is possible to distinguish the Ti
interlayer and the TiN layer.

Fig. 4c) shows the picture obtained from the sample cut in the
cryogenic bath, where a columnar structure and the compactness
of the film can be noted. It is also possible to differentiate the
Ti interlayer and the interface with the nitrided layer.

Materials Research

XRD patterns for phase identification and residual stress
estimation were recorded in a 20 range from 30° to 80° in a
Bragg-Brentano geometry. In Figure 5, a typical pattern is
presented. It shows the most important peaks of'y, (expanded
austenite) corresponding to the AISI 316L nitrided layer.
On the other hand, all TiN peaks were identified and only
the (100) peak of Ti corresponding to the interlayer was
detected”:*. The positions of all TiN peaks were observed
at a less angle comparing with the reference pattern, this fact
indicates the expansion of the lattice parameter.

Figure 5. XRD Bragg-Brentano pattern of PBII&D Ti-TiN coating.

Assuming an elastically isotropic solid with a rotationally
symmetric biaxial stress state, compressive stress acting in
the plane of the coating will give rise to an expansion of the

Figure 3. Typical images of the coating surfaces: a) coating completely detached, b) not homogenous coating, ¢) homogenous coating.

Figure 4. SEM image: a) surface film 650x, b) FIB-SEM thickness film: thick film10000x, ¢) columnar structure 50000x.
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planes parallel to the surface. In this simplified situation,
the lattice parameter (a,, ) for a cubic lattice can be related
to residual stress (o) as:

20
it = Qo — Tdao

where a, is the strain-free lattice parameter, £ is the Young's
modulus and v the Poisson’s ratio. The residual stress was
estimated by obtaining the lattice parameter from the (111) TIN
peak position and taking the lattice parameter reported in the TiN
reference card (ICDD card N°00-038-1420) as a,. For all the
conditions, the estimated value was ¢ = —9.1GPa. Compressive
residual stress is typical in coatings grown by cathodic arc®'-3.

5. Adhesion

5.1 Scratch test

The same test was repeated in several samples, with the
same load several times. Ten tests, at least, were performed
for each condition.

For the Condition I, 30% of the samples failed at a load
lower than 10 N, but the critical load for most of them was 20
N. Fig. 6a) presents one example with 20 N where buckling
spallation damage is observed, according to the C1624 Standard.
Meanwhile, all the samples of Condition II failed at 5 N
(Fig. 6b)) showing large area interfacial spallation, which
corresponds to an adhesive failure, indicating that the
temperature has not benefit the adhesion of the film.

In order to know if the sputtering time was a relevant
factor in relation to adhesion, it was increased from 60
minutes to 90, 120 and 150 minutes. It could be concluded
from the scratch test results that they were only slightly
better than the previous condition (I). Fig. 7 presents a
typical scratch track of 20 N, with magnification 200x
(Fig. 7a)) and 400x (Fig.7b)), for a sample of condition III.
For this condition, the critical load augmented to a value
between 20 N and 30 N, but the surface percentage with
the coating detached when the samples were removed from
the PVD chamber did not change. Therefore, the adhesion
improvement achieved with the increase in sputtering time
was considered not good enough.

Figure 6. Scratch Test critical load 200x: a) Cond. 1 20 N, b) Cond. II 5N.

Figure 7. Scratch Test critical load: Cond III 20 N a) 200x, b) 400x.
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Following the scheme used for Conditions I and II, the
gas mixing with the addition of H, led to Conditions IV and
V. In this case, a big difference arises, because most of the
samples showed a uniform coating over the surface when
they were removed from the vacuum chamber. Fig. 8a)
shows a representative image of the scratch track obtained for
Condition IV, where in 70 % of the samples, the critical load
was lower than 5 N, and the damage they presented could be
classified as large area interfacial spallation, according to the
C1624 Standard. On the other side, samples of Condition V
with a critical load lower than 20 N; represented half of the
samples, and of the 50 % remaining, 30% had 30 N critical
load and 20% reached 40 N (Fig. 8b)). Most of the samples
of this condition showed forward “chevron” tensile cracks,
without any delamination.

The scratch test results indicated that the adhesion has been
improved with the addition of H, in the gas mixing and the use
of temperature, where the samples did not present adhesive
failure in any test. The material accumulated outside the track
reveals only mild cohesive failure, generally found in these tests.

The positive influence of H, in a sputtering process had been
observed before, being able to remove the stainless steel native
oxide before plasma nitriding?'. Others authors have used Ar—
H, sputtering with the same purpose*>'?, because the removal
of oxide layers and contaminants on the surface before plasma
nitriding is essential to allow the nitrogen diffusion, especially

Materials Research

in the case of stainless steels. After plasma nitriding of stainless
steels, these oxide layers are built again and they could represent
a problem in the film growing or in the adhesion properties.
This case was studied by Barshilia et al., who carried out a
pre-cleaning phase with Ar + H, plasma etching before PVD
TiAIN coatings onto mild steel substrates using the magnetron
sputtering technique at a temperature of 325 °C'6.

5.2 Rockwell C Indentation

Between four and five Rockwell C indentation tests
were performed in each sample for each condition and the
results are presented in column graphs, where the number of
indentations for each level of cracking and coating delamination
around the indentation according to the criterions of VDI
3198 Standard are shown. The indentations were performed
in different regions of the surface.

For the Condition I, more than 60% and the totality
of the samples of Condition II have qualified as “non
acceptable” (HFS and HF6). The column graphs for condition
I and IT are shown in Fig. 9a) and b) respectively. It can
be also observed that the totality of acceptable samples of
Condition I corresponded to HF4. This means that the Argon
sputtering was not very effective to remove the oxide layer
and contaminants, and the temperature increase, instead
of improving the adhesion had a negative effect, the same
result was observed in the Scratch Tests.

Figure 8. Scratch Test critical load: a) Cond. IV 5 N 200x, b) Cond V 40 N 200x.

Figure 9. RC Indentation Graphics: a) Condition I, b) Condition II.
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The micrograph of Fig. 10a), corresponding to the
Rockwell C test scar of one sample of Condition I, shows
radial cracks and some delamination around and near the
indentation scar, and it can be classified as HF5. In the case
of Condition II, all the samples presented radial cracks and
large delamination area around the indentation scar, as it is
showed in Fig. 10b).

The slight improvement in adhesion revealed by the
scratch tests and obtained due to the increasing sputtering
time in Condition III, was also present in the indentations
tests results, however with a bigger difference. In this case,
30% of the tests resulted acceptable, as it can be seen in the
column graph of Fig. 11a), and in the micrograph of Fig. 11b),
which corresponds to a sample classified as acceptable with
HF4. In this sample, the radial cracks are not so remarkable,
and it is possible to note that the vicinity of the scar presents
small zones without coating, but not large delamination area
was observed.

The H, incorporation into the gas mixing in the sputtering
process allowed obtaining samples with an improved adhesion
behavior in the RC Indentation test whether the heater was turn
off or on. For the Condition IV, the samples were maintained at
room temperature during the cleaning process and 80% of the
samples were delaminated around the indentation boundaries,
corresponding to HF6, while at least 20 % of them classified

as acceptable. The graphic that summarizes the indentation
test results is presented in Fig. 12a), and a typical micrograph
with an imprint HF6 is shown in Fig. 13a) and Fig. 13b). In
the scratch test, on the other hand, for Condition 1V, all the
samples delaminated with the minimum load. These differences
in the performance between both tests could be due to the
different mechanisms involved in the test.

Scratch and RC indentation tests produce different
deformation and adhesion failure mechanisms, and for this
reason, the results are not always the same after applying one
or the other test. In both of them, normal forces are acting,
but in the scratch test the mechanism is dynamic, adding
shear forces in the direction of the indenter movement, and
it is static in RC indentation. In the RC indentation test,
the penetration of indenter induce plastic deformation of
the substrate and film fracture. However, the combination
of the contact geometry with the applied load favors shear
stresses at the film-substrate interface®.

For the Condition V, both tests yielded the same results:
when the Ar-H, sputtering was performed at 300 °C temperature
for 150 minutes, most of the samples did not only qualified as
acceptable but also were classified with the highest level HF 1
as it is showed in Fig. 12b), a result that was not obtained
for the other conditions. A typical micrograph of an imprint
for condition V is shown in Fig. 13¢c)

Figure 10. Rockwell C indentation micrograph 50x: a) Cond. I, b) Cond. II.

Figure 11. RC Indentation Condition III: a) Graphic, b) Micrograph 50x.
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Figure 12. RC Indentation Graphics: a) Condition IV, b) Condition V.
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Figure 13. Rockwell C indentation micrographs 50x: a) and b) Cond. IV, ¢) Cond. V.

The results presented in this work, indicate that the sputtering
parameters for the pre-cleaning step to prepare the surface
for nitrogen diffusion in the stainless steel plasma nitriding
process, are also suitable for the pre-treatment step before
the PBII&D coatings over already nitrided stainless steels.

It was found that the film adhesion onto stainless steel
which was previously ion nitrided was remarkable improved
when the pre-cleaning combined H, — Ar in the gas mixing
sputtering and temperature were added in the whole process.
Films with the same thickness (2 pm), with the same Ti
interlayer, and grown using the same process parameters,
presented different adhesion behavior according to the pre-
treatment which was previously carried out. The Scratch
Test and RC indentation results showed the best coating
adhesion for samples of Condition V, neither spallation at
the edge of the scratch track nor delamination near the RC
indentation scar were observed.

6. Conclusions

In this research, different pre-treatments were performed
in order to study their influence on the adhesion of TiN films
deposited by PBII&D over nitrided austenitic stainless steel
and the conclusions can be summarized as following:

The morphology and the film thickness were not affected
by the pre-treatment conditions, only depending on the PBII&D
process parameters, but film adhesion was indeed affected.

The argon sputtering was not enough to ensure a good
adhesion, presumably because it did not remove efficiently

the oxide layer and contaminations developed on the stainless
steel surface after the plasma nitriding treatment. Increasing
time and temperature without changing the sputtering
atmosphere was not enough to improve the adhesion either.

The incorporation of H, in the sputtering gas mixing and
the use of heating in the whole cleaning and deposition process
up to 300 °C, yielded good adhesion results demonstrated
in both tests, Scratch and RC Indentation.
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