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In this paper we studied the influence of pre-treating the surface of 100Cr6 steel by ion beam
nitriding at low temperature (380°C) on the surface topography and wear resistance of thin TiN
coatings deposited by reactive ion beam assisted deposition. The specimens were characterized by
grazing incidence X-ray diffraction, scanning electron microscopy and atomic force microscopy. The
wear resistance of the TiN-coated specimens was evaluated by means of ball on disc tests. The results
showed that application of a preliminary ion beam nitriding treatment slightly increased the surface
roughness but improved the wear resistance of the 100Cr6 steel due to the formation of a diffusion
zone containing the y’-Fe,N nitride combined with the TiN coating.
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1. Introduction

Nitriding processes comprise a series of thermo-chemical
surface treatments which are largely applied in industry
with the objective of improving performance of steel parts
by diffusion of N into the steel surface. Surface hardness,
corrosion resistance, fatigue resistance and wear resistance
are properties which can be substantially improved
by nitriding'*. The introduction of N into steel can be
accomplished either by inserting the work piece into a
high temperature N-rich environment (either gas or liquid)
or by plasma assisted bombardment of N ions (ion beam
nitriding). Among these, ion beam nitriding is of particular
interest because it allows for excellent parameter control
and higher efficiency at low temperatures (300-450 °C)
resulting in a more chemically uniform surface layer’.
The typical plasma nitrided steel surface consists of an
outermost thin iron nitride layer (commonly referred to
as “white layer”) followed by a relatively thicker N-rich
diffusion zone close to the steel substrate®. The formation
of the white layer can be suppressed in plasma nitriding
by tuning process parameters’. Depending on its chemical
affinity with elements present in the steel substrate and on
the nitriding process parameters, N may remain in solution
or give rise to a number of other nitride compounds. The
main phases present in the nitrided zone on steel surfaces
are e-Fe, ;N and y'-Fe N nitrides, which exhibit very high
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hardness (around 70HRC) and good corrosion resistance,
thus improving the mechanical, chemical and tribology
properties of the constructional parts®°.

Physical Vapor Deposition (PVD) techniques are also
commonly applied for enhancing surface properties of
steels. PVD coatings include TiN, TiC, TiCN and TiAIN,
which have a high hardness, low friction coefficient and
high wear resistance. Since PVD coatings are very thin,
any applied loads which cause the surface and sub-surface
to deform must also be sustained by the steel base material:
if the substrate undergoes extensive plastic deformation
the coating might collapse and fail prematurely!''.
Hence, duplex coatings have been developed whereby a
preliminary nitriding treatment is applied followed by a
hard coating deposition. By combining these two processes
a composite layer is formed with the thin ceramic coating
supported by the N-strengthened substrate, which leads to
superior fatigue and wear resistance®!?. The effectiveness
of a duplex coating can be hampered by insufficient
adhesion between the hard coating and the nitrided steel
and by softening of the substrate due elevated temperatures
during PVD. According to Kamminga”!®, bad adhesion
may be caused by porosity in the nitride layer or by its
decomposition during application of high temperature
PVD processes leaving a relatively softened a-Fe layer
behind. The presence of an iron nitride layer may also
impair adhesion of the PVD coating and improvements
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in performance have been observed by conducting the
deposition process after removal of the nitrided white
layer'.

The application of PVD at low temperatures is difficult
because of reduced ad-atom mobility, which decreases
coating density leading to inferior mechanical performance'.
In the Ion Beam Assisted Deposition (IBAD) process, PVD
is combined with ion bombardment. The additional energy of
the ion bombardment allows deposition of ceramic coatings
at lower temperatures, thus avoiding some of the difficulties
involved in the application of high temperature PVD on
nitrided substrates''®. Indeed, by comparing the IBAD
and PVD processes applied to previously quenched and
tempered steel substrates, Skori¢ and co-workers showed
that IBAD led to improved properties due to densification
of the hard coating'®. The IBAD process can thus be used to
produce dense and hard coatings with strong adhesion and
also allows for the independent control of several parameters
e.g. ion bombardment energy, ion to atom arrival ratio, ion
current density and ion angle of incidence, which influence
the properties of the growing films'$.

In the present article, the influence of applying ion beam
nitriding to a 100Cr6 bearing steel prior to the deposition
of TiN films by IBAD was investigated. Wear resistance,
microstructure and phase composition were investigated
for IBAD TiN coatings applied both on previously nitrided
surfaces and also on untreated surfaces.

2. Material and Methods

2.1. Substrate material

The substrate material prior to surface treatment was
an annealed 100Cr6 bearing steel. Its nominal chemical
composition is given Table 1. The steel specimens were used
in the annealed state instead of the quenched and tempered
condition, which is common for bearing steels. The reason
for this was to avoid phase transformations during the
nitriding treatment (carried out at 380°C), which could
influence N diffusion throughout the process.

The specimens used for plasma nitriding and PVD
coating were in the form of 20mm diameter discs with
2mm thickness which were all cut from the same rod.
Prior to surface treatment, all samples were prepared by
conventional grinding from 220 to 4000 SiC grid size,
followed by polishing using 6.0, 3.0, 1.0 pm diamond
paste and 0.25 pm colloidal silica suspension.

2.2. lon beam nitriding and TiN deposition

TiN coatings were deposited on substrates with and
without previous nitriding treatments. Both processes (ion
beam nitriding and film deposition) were performed using
an IBAD system, located at the Photovoltaic Conversion

Table 1. Nominal chemical composition of the 100Cr6 steel used
in the present investigation.

Element C Si Mn Cr Fe
Composition
(Wt.%) 1.0 0.25 0.35 1.5 Balance
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Laboratory of the Physics Institute of the Campinas
State University (Brazil). This system consists mainly
of a deposition chamber with two Kaufman ion sources
with 3 c¢cm diameter, a support for four targets and a
temperature controlled (<1000 °C) sample holder. For
more details regarding this system the reader is referred
to Hammer et al.?’. The base pressure of the chamber was
less than 10~ Pa. Both processes, ion beam nitriding and
TiN deposition, were carried out independently following
a sequence which began with sputter cleaning using a
600 eV Ar" beam for 5 minutes, followed by nitriding
(when applicable) and posterior TiN coating deposition.
Identification of the samples used in the present work is
presented in Table 2.

Nitriding of the substrate was performed using a
N* beam of 0.2 keV and 19 mA that was directed to the
substrate during 30 min. The temperature of the process was
set to 380 °C and the working pressure was 1.5x107 Pa for
all nitrided samples. Following the nitriding process, TiN
films were deposited by IBAD by sputtering a Ti target with
a 1.45 keV (80 mA) Ar ion beam in a N, atmosphere. The
N, pressure was 5.5x107 Pa and the substrate temperature
was set to 400 °C. The deposition time was 120 min for all
samples. The hardness of the TiN coatings on both S and SN
samples was measured with a CSEM Nanohardness tester
using a diamond indenter and a load of 5N.

2.3. Microstructure and phase analyses

The microstructure of the 100Cr6 steel substrate and
the TiN coatings was investigated after etching the samples
with Nital 3% using by scanning electron microscopy
(SEM) using a Philips XL-30 FEG microscope. In order to
assess the phase constitution within the TiN coated samples,
angle-dispersive X-ray Diffraction (XRD) experiments
were carried out. The measurements were performed at
the experimental station XPD of the Brazilian Synchrotron
Radiation Laboratory (LNLS) at Campinas (Brazil). The
radiation energy was set to 10.5 keV (L = 1.1823 A). The
beam size was 4 mm x 1 mm. Diffractograms were obtained
under a grazing incidence angle (@) of 1°, which corresponds
to an average penetration depth t of 500 nm.

2.4. Topography and wear

The influence of the nitriding pre-treatment on surface
topography of the coated samples was evaluated by Atomic
Force Microscopy (AFM) in contact mode. The analyses
were conducted in a CSM instruments Nano-Scratch Tester
(NST). The wear resistance of each sample was studied by
applying ball on disc tests. For these experiments, a 3.0 mm
radius cemented carbide (WC-Co) sphere was used with a
5 N load over a total distance of 1000 m.

Table 2. Sample series and respective sample structures.

Sample
S(TiN)
SN(TiN)

Sample structure

Steel + TiN
Steel + Nitrided Zone + TiN
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3. Results and Discussion

3.1. Microstructure and phase analyses

The surface hardness of the as-received and nitrided
100Cr6 substrates were, respectively, 2.6 + 0.2GPa and
3.5+ 0.2GPa. After TiN deposition, the surface hardness
increased and the values obtained for both S and SN
samples were between 22 and 26 GPa. Determination
of the hardness values for the TiN coatings was difficult
because of their reduced thickness, which required the
use of a small applied test load (5 N). Because of this, the
measurements were very sensitive to variations in surface
roughness, hence the large variance in experimental
values (22 to 26 GPa).

A cross-section SEM micrograph of the SN(TiN)
sample is presented in Figure 1. The microstructure of
the annealed hypereutectoid steel consists of a ferritic
matrix with dispersed spheroidized cementite particles. It
can also be observed that the average thickness of the TiN
coatings deposited by IBAD amounts to about 400nm,
and the coatings present a columnar grain structure.
The TiN coating of the S(TiN) sample also exhibited a
thickness of approximately 400 nm (not shown). From
the micrograph presented in Figure 1, it is not possible to
state whether the ion beam nitriding process conducted at

100Cr6
substrate

Figure 1. Cross section micrograph of the SN(TiN) nitrided sample
(20,000X).
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380 °C led to the formation of a white compound layer,
but no indication on the formation of such layer was found
(adhesion of the TiN coating, wear performance). The
application of higher resolution microscopy techniques
would be necessary to clarify the issue.

The results from phase analysis conducted by XRD on
the S(TiN) and SN(TiN) samples are presented in Figures
2a and 2b, respectively. The differences with respect to
the phase composition in both samples become clear by
analyzing the XRD patterns. For the S(TiN) sample, phase
analysis reveals the presence of ferrite and Fe,C that stem
from the 100Cr6 substrate and TiN from the coating. In
the SN(TiN) sample, which was nitrided prior to TiN
deposition, it was possible to identify the presence of
iron-rich y’-Fe N by the reflections of the (111), (200), (220)
and (311) planes, as indicated in Figure 2b. In both Figures
2a and 2b, the TiN reflections are well defined but exhibit
broadening (e.g. in comparison to the Fe reflections from
the substrate), indicating small crystallite size and possibly
a nanostructured layer. In addition, it is possible to notice
that for both S(TiN) and SN(TiN) samples, the stronger
reflections correspond to the (200) planes. The relative
intensity of the diffraction lines may indicate the presence
of preferential orientations in the coating. The results
presented in Figures 2a and 2b indicate, therefore, that the
preliminary nitriding treatment did not influence texture of
the TiN coatings deposited by IBAD.

The development of preferential orientations in TiN
coatings depends on a number of factors, such as ad-atom
mobility, stoichiometry and surface energy, which are in
turn influenced by deposition process parameters such as
temperature, ion energy, ion current density and angle of
ion incidence?'. Owing to its NaCl type crystal structure,
the crystallographic planes with highest atomic density
in TiN belong to the {001} family?. In the present case,
since the (200) planes exhibit the strongest diffraction
peaks, texture in the TiN films appears to be controlled by
the lower surface energy of the dense {001} type planes.
These results are in agreement with previous investigations
of TiN coatings produced by IBAD'?. A more detailed
explanation on texture development in TiN coatings is
provided by Gall et al.?.

(b) TiN on nitrided 100Cr6
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Figure 2. Grazing incidence X-ray diffraction patterns obtained for (a) untreated S(TiN) and (b) nitrided SN(TiN) samples.
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S(TiN)

Figure 3. Profiles of surface sample topography by atomic force microscopy.
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Figure 4. Average volume loss of TiN after ball on disc tests for
the S(TiN) and SN(TiN).

3.2. Topography and wear

Figure 3 displays the surface topography of the samples
investigated obtained by AFM in the vicinity of the wear
tracks after the ball on disc tests. The average surface
roughness (R)) of the samples were determined and the
values obtained were 0.077+0.008 pm and 0.083+0.008 pm
for the S(TiN) and SN(TiN) samples, respectively.

The S(TiN) sample exhibits the lowest level of
surface roughness, compatible with the surface finishing
of metallographic polishing to which the substrates were
initially subjected. lon beam nitriding leads to an increase in
surface roughness, which can be explained by a number of
different mechanisms which involve: volumetric expansion
of the substrate lattice due to incorporation of N in solid
solution and formation of nitrides, sputtering of the surface
due to the impact of N ions during deposition, as well as
redeposition of the sputtered material>>?. As the tribological
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