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Abstract. Commercial Inconel 600 nickel-chromium alloy was implanted with nitrogen, chromium, titanium,
yttrium and copper with tin (as bronze components) ions to doses ranging from 1.6e17 to 3.5¢17 cm. The main goal of
the research was to investigate the properties of the modified alloy in the context of its application in foil bearings. The
virgin and the treated samples were tribologically tested and examined by scanning electron microscopy (SEM) and
energy dispersive spectroscopy (EDS). The technological studies were preceded by modelling of concentration values
of the introduced elements. The results obtained with the use of ion implantation are discussed.
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Introduction

Microturbines are small devices for simultaneous pro-
duction of both electricity and heat. They consist of a
bearing shaft characterized by small nominal diameters
(of the order of several millimetres) and an attached
microturbine rotor. Microturbine rotors usually rotate
fairly frequently at a speed up to 100 000 rpm and the
temperature inside the microturbine is likely to reach
up to several hundred degrees Celsius. One of the most
crucial elements for the operation of microturbines
is their bearing. Criteria for the selection of bearings
include the maximum permissible rotational speed,
hoisting capacity, permissible operating temperature,
durability, reliability as well as repair-ease. Even a
unique high rotational speed makes the application of
either friction or anti-friction bearings impossible and,
that is why, application of foil bearings proves to be the
best solution. In the case of such bearing, a typical thick-
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shape, is to transfer the load resulting from the rotary
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Received: 17 May 2012 In industrial practice, numerous materials are used

Accepted: 27 June 2012 as sliding elements in foil bearings. Depending on the



358

M. Chmielewski et al.

Housing

Gas film

Top foil

Bump strip layer
Fig. 1. Schematic design of a foil bearing.

operating conditions, pure metals, e.g. Ni, alloys based
on aluminum, nickel or copper, plastic or composite
materials are employed.

Foil bearings are particularly attractive for systems
where conventional oil-lubricated or rolling element
bearings have proved unsuitable due to temperature,
rotational speed, working fluid, etc. There are numer-
ous possible applications for foil bearings, including
aircraft gas turbine engines, auxiliary power units,
microturbines, pumps, compressors, cryogenic turbo-
expanders and turbochargers. To expand the range
of their practical implementations, investigations of
materials likely to satisfy many different requirements
have been performed. With respect to the application
as top foils both tribological properties — low friction
coefficient and high wear resistance — are required.

This task can be resolved by insertion of lubricated
and/or hardened element. Ion implantation is one of dif-
ferent methods, which can be used as the introduction
of an additional element to the near surface area. This
technique is widely used for modification of the surface
properties of materials for different purposes, e.g. for a
change of the tribological properties or improvement of
the wettabillity of materials [1-3, 15, 17, 19].

There are relatively few reference data on the im-
provement of tribological properties of Inconel 600.
One can find several examples of ion implantation in the
alloys, which are chemically similar to the Inconel 600.

J. P. Riviere et al. [18] conducted investigations on
nitrogen ion implantation (N;"+ N*) to the AISI 316
steel and Inconel 600 alloy. The nitrogen implantation
was carried out at 400°C to the substrates with average
roughness of about R, = 0.05 um. The acceleration
voltage was 1.2 kV. The current density was maintained
at a level of 1 mA/cm? The process was performed for
1 h. These parameters correspond to the implanted dose
of 3.5e19 cm™, but in connection with the sputtering,
the retained dose was about 10% of the implanted dose
only. For both alloys, a significant increase of hardness
and the reduction of the abrasive wear was observed.
The effect was connected with the formation of ex-
panded austenite in the structure of the investigated
materials.

Plasma immersion ion implantation (PI*) method
was used for the introduction of nitrogen to the sub-
strates made of Inconel 601 alloy. The results of these
investigations were described in Ref. [7]. The samples
were modified for 5 h in nitrogen plasma at a constant
nitrogen dose rate of 2.25e14 N/cm?s at 35 kV. The
sample temperature was 350 or 400°C. The observed

improvement in tribological properties of investi-
gated substrates, was also due to the formation of ex-
panded austenite.

PI® method was used also in the investigations de-
scribed in Ref. [14]. In this case, the substrates made of
AISI P20, ASSAB 718 and AISI 420 steels were modi-
fied.

Z. Werner et al. [20] showed the results of copper
and tin co-implantation to NC-6 steel substrates using
MEVVA type accelerator. These works were aimed at
a reduction of friction coefficient and an increase of
the wear resistance of the modified material. The bronze
cathode was used as a source of implanted ions. Due to
the significant differences between sputtering coefficients
of copper and tin, the maximum fluences were obtained
at a level of 5.4e16 and 1.2e15 cm™, respectively.

The effect of nitrogen and titanium implantation
on the tribological properties of 34S and 37HS steels
was the subject of investigations described in Ref. [4].
The implanted doses were 1-6e17 and 1-5e17 cm™ for N
and Ti, respectively. Based on the investigation results
it was found that nitrogen improves the tribological
properties of steels more efficiently than titanium.
It is connected with the formation of FeN phase. In
the case of titanium implantation, the improvement
of tribological properties is related to the formation of
amorphous FeTi phase.

J. L. Onate et al. [16] presented several examples of
the influence of ion implantation of nitrogen, carbon,
oxygen, chromium and yttrium and their combinations
on the change of tribological properties of several types
of steel and Ti-6Al-4V alloy. Ion energies ranged from 25
to 180 keV and the fluences from 1e17 to 7e17 cm™. Ac-
cording to the authors, the improvement of tribological
properties of the modified materials was due to several
mechanisms for strengthening the structure, such as
deformation of the lattice or precipitation hardening.

In the literature, one can find descriptions of other
elements used for the improvement of the tribological
properties of various alloys such as iron, molybdenum,
boron [6, 11, 21, 22]. The mechanisms of the structure
strengthening are similar to the described above.

In this paper, we present the results of ion implanta-
tion of selected elements on the changes of tribological
properties of Inconel 600 alloy.

Experimental
Modelling

The technological studies were preceded by modelling
of the values of sputtering yield, the values of the maxi-
mum fluences without saturation and the profiles of the
introduced elements. The modelling was performed
using SUSPRE code [8].

Samples

Samples were cut from commercial nickel-chromium
Inconel 600 alloy in the form of coupons of 50 x 50 x
0.1 mm?® in size. The chemical composition of Inconel
600 (wt.%) is: min. 72.0 Ni + Co, 14.0-17.0 Cr, 6.0-10.0
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Table 1. The main results of the simulation of all ion implantation processes

I Projected range Range straggling Peak volume dopant Sputtering
on . - :

(nm) (nm) concentrations (cm™) yield
N 75.84 95 21.08e21 0.78
Cr 44.28 47 63.15¢21 5.44
Ti 47.88 53 66.44e21 4.78
Y 30.80 28 42.95e21 10.14
Cu 36.10 36 55.46e21 7.12
Sn 19.32 17 34.29¢21 12.50

Fe, max. 0.15 C, max. 1.0 Mn, max. 0.015 S, max. 0.50 Si
and max. 0.50 Cu [9].

Before processing, the samples were washed in high
purity acetone under ultrasonic agitation.

Processing

Copper and tin (as bronze components), titanium, chro-
mium, yttrium and nitrogen ions were implanted into
Inconel 600 coupons using an MEV VA type implanter
with direct beam, without mass separation, described
in detail elsewhere [5].

To avoid overheating effects, the samples were
clamped onto a water-cooled stainless steel plate. In
the case of the implantation of metallic ions, the ion
current densities were kept below 10 pnA/cm?, so the
substrate temperature did not exceed 200°C.

In the case of the implantation of nitrogen ions, the
current density was in the range from 1 to 2 mA/cm?.
The sample temperature was in the range 300-400°C.

The base pressure in the vacuum chamber was about
2-5¢™ Pa.

Tons were implanted at 65 kV acceleration voltage.
The implanted doses were 2.5e17, 3.5e17,3.0e17, 1.6e17
and 2.2e17 cm™ for Cu and Sn, Ti, Cr, Y and N, respec-
tively. These are the values of the fluences without the
saturation of the profiles, as determined by SUSPRE
code. Table 1 shows the main results of the simulation
for all ion implantation processes.

The implantation dose of N is relatively low. In
this case, we intended to check the influence of the
beam current value higher by a factor of about 100-200
in comparison to the remaining cases on the ion im-
plantation results.

Nitrogen of 99.9% purity was used as the working
gas and as the source of gaseous ions.

Characterization

The quality of the surfaces of the virgin, implanted
and tribologically tested samples, were examined with
the use of scanning electron microscopy (SEM) in the
“compo” (composition) and “topo” (topography) mode.
Also, the width of the sliding tracks was determined by
the SEM method. The magnification of the observation
was 80x and 400X.

The presence of the elements in the surface of the
sample and in the sliding tracks was verified by energy
dispersive spectroscopy method (EDS).

Tribological tests were conducted according to the
following procedure. The samples were pressed against

a stainless steel ball of 6.5 mm diameter with a force of
F, = 10 N. A holder together with a ball attached to it
were set in reciprocating motion driven by an electro-
dynamic generator. The two components between
which friction appeared slid on one another at a veloc-
ity of 5 mm/s. The friction force F, then generated was
measured with a piezoelectric displacement sensor at a
rate of 24 cps. It was induced and recorded in the fric-
tion processes of varying length (5.0 min, 15.0 min and
30.0 min). The friction coefficient was analyzed using
a special software.

The value of the roughness of the investigated
samples (before and after ion implantation process)
and the profiles of the sliding tracks were determined
by a mechanical roughness measuring device.

Results and discussions

The average value of the roughness of the virgin samples
R, was about 0.09 pm. Practically, this value was the same
after ion implantation process for all treated samples.
Also, the morphology of the modified samples (not shown
here) did not change during the modification process.
Figure 2 shows the results of SEM observation of
the character of the typical sliding tracks for all ion

Fig. 2. The results of SEM observations (in “compo” mode)
of the sliding tracks on the surface of the modified samples
of Inconel 600.
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modified samples. These observations were conducted
at magnifications 80X, in “compo” mode. More details
in the morphology of each sliding track can be seen in
Fig. 3. For better visualization, SEM observation results
obtained with magnification 400X in “compo” mode
were compared with the results obtained in “topo”
mode. In all cases, the wear track is not a classical
groove after the tribological tests. The morphology of
all tracks exhibits grooves parallel to the sliding direc-
tion. Additionally, in the case of: virgin, N, Cr and Tiion
implanted samples, the particles of the removed mate-
rial embedded into substrates are observed. A lot of
these particles is observed particularly in the virgin and
N-modified samples. The sliding tracks on the Y and
Cu + Sn implanted samples have different character
and practically only parallel grooves are visible.

This morphology of the investigated samples indi-
cates the typical abrasive nature of the wear (which is
observed when a harder material is rubbing against a

Fig. 3. The results of SEM observations (in “compo” and
“topo” mode) of the sliding tracks on the surface of the modi-
fied samples of Inconel 600.

softer one) in the micro-ploughing wear mode. In this
case, the material is shifted to the sides of the wear
groove and it is not removed from the surface [13].
Examples of this mode were described, e.g. in Refs.
[12] or [10].

Generally, in our systems, “two body abrasive
wear” is present, because there are only two rubbing
components involved in the friction process. However,
the presence of the embedded particles suggests the
occurrence of “three body abrasive wear”, which is
characterized by a hard particle trapped between the
rubbing surfaces. Hard particles of iron oxides could
be a “third body” in our case. The EDS results (not
shown here) suggest the occurrence of the process of
iron oxidation in the investigated systems. This is par-
ticularly visible in the area of the embedded particles.

The appearance Fe-O phases in the system suggests
additional new mechanism of the wear. Apart from
the abrasive wear this is the corrosive wear mechanism
[13].

Figure 4 shows the profiles of the sliding tracks.
All presented profiles of the individual sliding tracks
correspond exactly to the results of the microscopic

; Virgin o
u
' VAV N
o e el v
-2
2
N
Om- M.JAP\LA-nAu
L ke can A A A YY)
-1
-2
2
Cr My
—~ 0 PN NN W_MA""_ h"h_'l’lj k'M_ A
£ T N Y
=
P -1
% 2
o
8 T JJ\
E 0 w'h e i — ANJ VM" o
-1
-2
2
] Y
0 LBt .A_WWM Wik WG NV, WO s
-1
-2
2
Cu+Sn
O v ‘\]vvkrv' T e,
-1
-2

0 50 100 150 200 250 300
Distance (um)

Fig. 4. The profilograms of the surfaces with the wear
tracks.
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Fig. 5. The width of the sliding tracks for a virgin sample of
Inconel 600 and for all types of its modification.

observations. The shape of wear tracks in virgin, N, Cr
and Ti ion implanted confirm the presence of both the
grooves and the embedded particles. The maximum
distance between the pits and the peaks is up to about
2 pum. The surfaces of the samples modified by Y and
Cu + Sn have different character. The shape of these
surfaces is more smooth, without large grooves and
large peaks. The surface of Cu + Sn ion implanted
samples is particularly homogeneous.

Figure 5 shows the values of the width of the wear
tracks for all types of the investigated samples. Each
presented value is an average value determined from
three measurements. The values correspond to the
character of the observed wear tracks, i.e. the highest
values are for virgin and N implanted samples, which
were characterized by major changes in surface mor-
phology and vice versa — the lowest values are for Y
and Cu + Sn implanted samples, which were character-
ized by the smallest changes in the surface morphology.
At this moment, we cannot determine whether this
coincidence is accidental or substantial.

The difference between the width of the sliding
tracks is over 50% in the extreme cases, i.e. between
the virgin and the Cu + Sn treated samples.

The values of friction coefficient are presented in
Fig. 6. These values are the average values calculated
from the instantaneous values, i.e. in time of the tribo-
logical test between 200 and 1800 s (after the stabiliza-
tion process). This procedure does not include the value
of the friction coefficient for the virgin Inconel 600
sample. In this case, the stabilization of the value of the
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Fig. 6. The average value of the friction coefficient of Inconel
600 (between 1600 and 1800 s of the tribological test) and for
all types of its modification (between 200 and 1800 s).

friction coefficient was only from 1600 s. Probably, this
change of the friction coefficient of non-treated mate-
rial is the result of the destruction of the surface oxide
layer, which was not modified by additional elements.

Conclusions

The tribological aspect of N, Cr, Ti, Y and Cu + Sn ion

implantation of Inconel 600 was investigated. On the

basis of the obtained results it can be concluded that:

1. Tonimplantation has no influence on the roughness
value and the surface morphology of the modified
samples.

2. The tribological tests and EDS measurements in-
dicate predominantly abrasive (in micro-ploughing
mode) and corrosive mechanism of the wear.

3. Inall cases, the wear track is not a classical groove
after tribological tests. The morphology of all tracks
exhibits grooves parallel to the sliding direction.
The maximum distance between pits and peaks
of these grooves is up to about 2 pm.

4. The values of the width of the sliding tracks cor-
respond to the character of the observed wear
tracks, but at this moment, we do not know if this is
substantial or accidental coincidence.

5. The value of the friction coefficient of Cu + Sn
modified samples is about 13% smaller in compari-
son to the virgin samples.

6. At this moment, the individual influences of Cu and
Sn are unknown. This influence should be investi-
gated in the nearest future.
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