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Abstract

The performance of tribological coatings depends greatly on the adhesion strength between the coatings and substrates. In this work, we
investigated the influence of the ion implantation energy of nitrogen on the adhesion and surface properties of TiN deposited on aluminum
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ubstrate. Aluminum samples were implanted with 15 keV, 30 keV and 40 keV nitrogen ions before TiN films were deposited using m
puttering in a custom-designed multi-functional ion implanter. The adhesion properties of the implanted TiN films were assessed using nh
ests and were observed to vary with the nitrogen ion implantation energy. Our frictional test results show that an appropriate ion im
nergy and dose can improve the frictional behavior of TiN films deposited on aluminum.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Because of the light weight as well as high shearing strength,
orrosion resistance, electrical conductivity and heat conductiv-
ty, aluminum alloys are widely used in the aerospace, electronic
nd automobile industries[1,2]. However, the low hardness and
ear resistance of aluminum and aluminum alloys have ham-
ered a wider application of the materials, particularly as load-
earing components and friction parts. Hence, it is necessary

o improve the surface properties of the materials. Nitrogen ion
mplantation has been proposed to be a viable surface treatment
echnique in this respect[3–6]. By means of ion implantation,
n aluminum nitride (AlN) surface layer can be formed and pre-
ious studies have shown that the nanohardness and frictional
roperties of implanted aluminum can be improved. However,
wing to the relatively small projected range of the implanted
itrogen, the surface layer thickness is quite thin, usually around
00 nm[4], and consequently, the materials exhibit poor wear
nd tear characteristics in load-bearing applications.

∗ Corresponding author. Tel.: +852 27887724; fax: +852 27889549.

TiN possesses good wear and corrosion resistance and i
monly used as a hard coating in industrial components su
cutting tools. In the work described here, we aim at enhan
the surface properties of aluminum by introducing nitrogen
implantation prior to the deposition of TiN. This is contrary to
conventional practice in which a Ti interlayer is formed on
Al substrate before the TiN thin film is deposited. Nitrogen
implantation is used here to generate a buffer layer betwee
TiN film and Al substrate to spread the stress gradually in o
to enhance the resistance against a big load as well as p
deformation. The effects of the nitrogen implantation energ
the adhesion strength, surface roughness and friction prop
are also investigated.

2. Experimental details

Aluminum (99.99% pure) samples with dimensions
15 mm× 15 mm× 5 mm were used in our experiments. T
specimens were mechanically polished and ultrasoni
cleaned in isopropyl alcohol for about 10 min prior to ion imp
tation. Ion implantation was conducted in a custom-desi
E-mail address: paul.chu@cityu.edu.hk (P.K. Chu). multi-functional ion implanter equipped with a DC magnetron
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sputtering source, cathodic arc plasma source and Kaufman ion
implantation source in the same vacuum chamber[7]. The sam-
ples were implanted with N+ at energies of 15 keV, 30 keV, or
40 keV to a dose of 1× 1017 atoms/cm2 or 2× 1017 atoms/cm2.
The ion beam current density was 25�A/cm2.

After ion implantation, the samples were rotated to face
the magnetron sputtering target without breaking vacuum. The
background pressure in the deposition chamber was less than
2× 10−3 Pa. The distance between the sample and sputtering
target made of 99.4% pure Al was about 4–5 cm. The target
voltage and current were 420 V and 1.0 A, respectively. The
nitrogen and argon gases used in our experiments were 99.99%
pure, and the total and N2 partial pressure were 3.0× 10−1 Pa
and 5.0× 10−2 Pa, respectively. A voltage of−60 V was applied
to the samples during sputter deposition. The thickness of the
deposited TiN layers was determined by profilometry to be about
1.7�m.

The nano-scratch test apparatus was manufactured by CSEM
Instruments. The tests were performed employing a Rockwell-
shaped diamond indenter (50�m radius) using a force,FN,
ranging from 0 N to 10 N applied to the samples in the normal
direction. The samples were scratched by increasing the force
at a rate of 7477.5 mN/min and a scratching speed of 6 mm/min
over a distance of 8 mm. The friction and wear tests were per-
formed utilizing a pin-on-disk tribometer. A Si3N4 ball with a
diameter of 6 mm was used as the counterpart. The normal load-
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Fig. 1. Depth profiles of Al, Ti, O and C in the N+-implanted aluminum: (a)
30 keV, 1× 1017 atoms/cm2 and (b) 15 keV, 1× 1017 atoms/cm2.

Fig. 2. High-resolution Al 2p XPS spectrum showing the three components with
binding energies of Al (72.9 eV), AlN (73.8 eV) and Al2O3 (74.9 eV) acquired
from the N+-implanted sample (30 keV, 1× 1017 atoms/cm2).
ng was 1 N, and the relative sliding speed was 220 mm/s
ests were carried out under atmospheric pressure at a tem
ure of 25◦C and relative humidity of 50%.

The elemental depth profiles were determined by Auger
ron spectrometry (AES) using a PHI 5500 ESCA/SAM.
rimary electron energy was 3 keV and a 2 kV argon ion b
as used to obtain the depth profiles. Because the spu
raters were quite shallow and the original surfaces were
ively rough, no depth measurements were performed. Ins
n average sputtering rate calculated from SiO2 under simila
puttering conditions was used. The depths indicated in the
epth profiles are thus approximate, but profile-to-profile c
arison is valid. A VG Microlab MK-II instrument was used
cquire the X-ray photoelectron spectroscopy (XPS) spec
tudy the chemical states of the elements in the implanted
5 kV Ar+ beam was used to sputter the samples for 2 m

lean the surface before the XPS spectra were obtained. Th
� X-ray line was used as the excitation source.

. Results and discussion

The O, Al, N depth profiles acquired from the 30 keV a
5 keV, 1× 1017 atoms/cm2 samples prior to TiN deposition a
isplayed inFig. 1. The N profiles exhibit a roughly Gauss
istribution and a high oxygen surface concentration is obse
he high-resolution Al 2p XPS spectrum shown inFig. 2 indi-
ates that the implanted layer consists of metallic alumi
72.9 eV), AlN (73.9 eV) and aluminum oxide (74.9 eV)[4]. In
revious reports[8,9], small carbon contamination was obser
ut it could not be detected in our samples to the AES dete

imit.
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Fig. 3. Nanohardness of aluminum samples as a function of indentation depth.

The nanohardness values as a function of the indentation
depth of the nitrogen-implanted and unimplanted aluminum
samples are plotted inFig. 3. A series of indentations were made
to depths ranging from 20 nm to 200 nm depending on the loads.
The compound hardness was calculated using the method pro-
posed by Oliver and Pharr[10]. Each data point represents an
average of five indentations. For the 40 keV sample, the hardness
at 20 nm is 560 HV for an applied maximum load of 0.1 mN. The
hardness decreases with increasing indentation depth in the near
surface region and then reaches a constant value of 65 HV after-
wards. In order to measure the “film-only” properties, a common
rule of thumb is to limit the indentation depth to less than 10% of
the thickness[10,11]. In this work, the thickness of the implanted
layer is about 100 nm, and consequently, the indentation depth
must be less than 10 nm. However, the minimum indentation
depth of the implanted sample is 20 nm. Therefore, the hardness
values combine the effects of the implanted layer and bulk sub-
strate. An increase in hardness is expected but only at a smaller
load. In this work, the loading ranges from 0.1 mN to 300 mN.
The composite hardness decreases with smaller nitrogen ion
implantation energy because of the shallower depth profiles. For
the unimplanted sample, a compact amorphous Al2O3 layer typ-
ically 5 nm thick grows on Al when it is exposed to air[12,13].
Therefore, the hardness is almost constant throughout the inden-
tation depth.

Fig. 4 shows the adhesion strength between the TiN films
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Fig. 4. Adhesive strength as a function of ion implantation energy.

nitrogen plasma immersion ion implantation and observed that
the substrate temperature rose to about 660 K at a bias volt-
age of 20 kV (RF power = 500 W, time = 3 h,maximum duty
cycle = 20%). In our work, the nitrogen ions were generated
in a Kaufman source. Since the implantation process was con-
tinuous and no sample cooling was conducted, the temperature
of the substrate surface rose quickly. After implantation, the
TiN film was immediately deposited using magnetron sputter-
ing onto the “unoxidized” surface as vacuum was not broken. It
has been reported that large crystallites, so-called hillocks, tend
to outgrow above the initial surface of aluminum alloy films
[15,16]. The driving force of hillock growth is a compressive
stress caused by a large mismatch of thermal expansion coeffi-
cients between the film and substrate. Usually, hillocks tend to
form in metal films. In our work, however, it is believed to be
due to the effect of ion implantation into the aluminum substrate.
With increasing ion energy and dose, the higher aluminum sub-
strate temperature causes aluminum surface to recrystallize. The
compressive stress generated during deposition of the TiN film
causes some large crystallites outgrow above the surface of the
aluminum substrate. The mechanism is the same as the forma-
tion of hillocks.Fig. 5(e) shows that the surface of the 40 keV,
1× 1017 atoms/cm2 samples contain hillock-like islands. When
the implant dose exceeds 2× 1017 atoms/cm2, trenches appear
on the surface of the sample as shown inFig. 5(g). It is proba-
bly due to the merging of hillock-like islands or deformation of
a lting
p
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p 1 N).
F trate,
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i of the
s and
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nd aluminum substrates implanted with nitrogen at the
ose (1× 1017 atoms/cm2) but different energies. The adhes
trength is 0.7 N for the TiN film deposited on the untrea
luminum substrate. It increases to 1.7 N for the 30 keV sa
ut decreases to 1.2 N for the 40 keV sample. In compariso
dhesion strength is only 0.8 N when the implantation en
nd dose are 40 keV and 2× 1017 atoms/cm2, respectively.

Fig. 5shows the optical micrographs of the scratch chan
n the various samples. The higher the dose and implan
nergy, the coarser is the surface of the TiN film, espec
hen the ion implantation energy and dose reach 40 keV
× 1017 atoms/cm2, respectively. Mitsuo et al.[14] reported the
ffects of the bias voltage on the temperature of steels d
e

e

n

d

g

luminum surface because of its soft properties and low me
oint.

It can be observed inFig. 5(a) that the bottom of the scrat
hannel is smooth, but slight buckling occurs at the edg
he scratch channel. It is known that aluminum undergoes
lastic deformation even when subjected to a small load (
or a system comprising a hard surface film on a soft subs
oth the film and substrate give way to accommodate part o

ndenter displacement. The stress concentrates in the edge
cratch due to the difference in the properties between TiN
luminum, and hence, the TiN film in this region tends to bu
nd crack. With increasing loading, the interfacial cohe
tress increases, and the cracks ahead of the indenter pro
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Fig. 5. (a–h) Micrographs of scratch channels. The arrows indicate the sliding direction.

to form semi-circular cracks. The schematic of failure mode is
illustrated inFig. 6. Fig. 5(c) does not show buckling at the edge
of the scratch under a loading of 1 N and it can be attributed to
the higher support capacity of the nitrogen-implanted layer and
reduced stress concentration.Fig. 5(e and g) indicates partial
spalling at the bottom of the scratch, because the humped
defects are deformed under the indenter. When a larger load
is applied, either the brittle nature of the coating or the stored
elastic energy is sufficient to cause spallation and fracture at the
edge and front of the indenter.Fig. 5(b, d, f and h) shows the
micrographs of the scratch channels of the different samples

under a loading of 1.7 N and spallation and cracking can be
observed on all them to different extent.

Fig. 7 shows the effects of the nitrogen ion implantation
energy on the kinematic friction behavior of the TiN film against
a Si3N4 ball. The pure aluminum sample has a low friction coef-
ficient of about 0.3 at the beginning of the measurement and then
suddenly increases to a high value of approximately 1.2 after the
dense Al2O3 film on the surface has been broken through. TiN
also reduces the friction coefficient significantly. The friction
coefficient of the TiN films on aluminum quickly rises from
0.28 to 0.73 for a distance of 0–40 m. After the aluminum sub-
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Fig. 6. Schematic of failure mode.

Fig. 7. Friction coefficients of pure aluminum and TiN films on different types
of substrates.

strate has been implanted with 15 keV nitrogen ion to a dose o
1×1017 atoms/cm2, the friction coefficient gradually rises from
0.18 to 0.5 for a distance of 0–45 m. For the TiN film on alu-
minum that has been implanted with 30 keV, 1× 1017 atoms/cm2

nitrogen, a slower increase in the friction coefficient is observed
In the two cases mentioned above, fluctuations are observed du
ing the rising part of the friction coefficient curves. Spallation at
the edge of the scratch channel depicted inFig. 5(b and d) may
be the cause of the fluctuations. For the same ion implantatio
dose, when the implantation energy is increased to 40 keV, th

friction coefficient rises from 0.4 to 0.6 for 0–45 m. A higher fric-
tion coefficient is observed on the 40 keV, 2× 1017 atoms/cm2

implanted sample. This phenomenon may be explained by the
weak adhesion strength between the TiN films and the substrate.

4. Conclusion

Our results show that nitrogen ion implantation into alu-
minum prior to TiN deposition enhances the adhesion strength
of the film and tribological properties. XPS results show that the
implanted layer consists of Al, TiN and a surface oxide layer. The
composite hardness of the nitrogen-implanted aluminum surface
is increased. However, it diminishes with decreasing nitrogen
ions energy because of shallower penetration of nitrogen. An
appropriate ion energy and dose are found to improve the adhe-
sion strength between the TiN film and aluminum substrate.
The optimum implantation energy and dose determined experi-
mentally are 30 keV and 1× 1017 atoms/cm2, respectively. The
same implantation energy and dose also yield the best frictional
behavior.
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