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Using a new inner surface modification method named GEPSII (grid-enhanced plasma source ion implantation),

which is designed for inner surface modification of tubular work pieces, we successfully produced polycrystalline TiN

coating on 0.45% C steel (45# steel) samples. Compared with the uncoated 45% steel sample, the electrochemical

corrosion test on the coated 45% steel samples presents evident improvement in their corrosion resistance. Two implanted

voltages, direct current (—2kV) and pulsed negative voltage (—10kV), are applied on the substrates. It is shown that

the direct current implantation is more effective than the pulsed implantation in the surface corrosion resistance. AES

depth profile shows that coating thickness is about tens of nanometres. The preferred orientations expressed by peaks

at (111) and (200) can be seen clearly in XRD patterns.

Keywords: PSII, inner surface, TiN, corrosion resistance

PACC: 5275R, 6800, 8160

1. Introduction

It is well known that plasma source ion implan-
tation (PSII) is a non-line-of-sight technique to mod-
ify the surface properties of materials with complex
shapes such as metals, plastics, semiconductors, ce-
ramics and so on.:2 However, there are still some
difficulties in implanting the inner surface of devices
or workpieces such as gun-barrel, cylindrical automo-
bile and oil pipes; this has aroused considerable atten-
tion in some industrial applications. Therefore, some
experiments have been developed to improve the in-
ner surface properties of tubes.>~7 But bad unifor-
mity and film firmness are two chief obstacles thus
far unresolved. Due to the still existing problems,
recently, one new inner surface PSII method, called
grid-enhanced plasma source ion implantation (GEP-
SIT), has been proposed to uniformly modify the inner
surface of workpieces.!8! In this new method, plasma
is directly produced inside the tubular samples and

the plasma ions are implanted into the inner surface

by the applied pulsed negative or direct current (dc)
potential. Thus the two difficulties are resolved at the

same time.[8—10]

For current industrial applications, it is impor-
tant to improve the material surface properties, such
as the superficial hardness, rubbing fastness, and cor-
rosion resistance in various kinds of materials. In ti-
tanium nitride (TiN) a novel combination of physi-
cal properties is seen, such as high hardness, high
corrosion resistance, metallic electrical conductivity,
good chemical inertness, temperature stability coeffi-
cient, and low friction; and what is more its electrical
and thermal conductivities are close to those of pure
metals.!'112] So we choose TiN as the inner surface

protection film in the experiment.

As is known, the coating properties are related to
the implantation modes; and the pulsed negative high-
voltage implantation and dc voltage implantation are
two different growth modes. In pulsed negative high-

voltage implantation mode, when a pulse begins, ions
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strike into the substrate with a kilo-eV energy, and
these ions are implanted into the substrate surface and
the crystal restructure is completed in the pulse gap;
while in the dc mode, ions impact the substrate con-
tinuously. Generally, the pulsed mode has a higher ion
implantation energy but lower ion dosage than the dc
mode does. Therefore, films obtained will show dif-
ferent characteristics under different growth mode. In
this paper, we use two implantation modes, —10kV
pulsed voltage and —2kV dc voltage, to implant TiN
coating on the 0.45% C steel (457 steel) samples.

2.Experiment

Figure 1 schematically shows our GEPSII experi-
mental set-up for inner surface modification of a cylin-
drical tube. The modification system consists mainly
of two coaxial electrodes, the central axial electrode
and the coaxial-earthed grid electrode. Ny plasma can
be produced between them in a 13.56MHz radio fre-
quency (RF) oscillation. The produced plasma can
diffuse through the grid into the tube. Thus there
are two plasma regions, the core plasma region and
In addi-

tion, because of the self-produced bias voltage between

the diffused plasma region in the system.

the two electrodes of capacitive RF glow discharge,
the central electrode has a negative electric potential,
compared with the grid-earthed electrode, and it can
be controlled between —200V and —400 V in this ex-

sample

\

grid electrode
cathode

negative bias pulse source

periment. This self-produced bias produces an ion
sheath outside the central electrode, and ions in the
ion sheath are accelerated by the negative electric field
and impact the central Ti electrode with an energy of
hundreds of electron volts. The sputtering efficiency
of 300eV Art to sputter the Ti target is 0.33, and that
of 300eV N¥ is a little lower than 0.3. So a certain
amount of Ti atoms can be sputtered from the central
electrode. When the Ti atoms move through the ion
sheath into the plasma region, they can be ionized by

electron collisions
e+ Ti— 2 +Tit (1)

This ionization process only needs 3.3eV of electron
energy.['®! In classical RF capacitive glow discharge,
the plasma density is at a scale of 1019/cm? and the
electron temperature is about 5¢V. When a pulsed or
dc negative potential is applied on the tube, nitrogen
and titanium ions can be accelerated by the radial
electric field between the grid electrode and the inner
surface. The implanted active nitrogen and titanium
ions can accordingly form TiN, structure in the sam-
ple surface. Since the plasma is produced between the
two coaxial electrodes, the produced plasma inside the
tube is uniform along the axial and radial directions;
and this will accordingly improve the axial uniformity

of the implantation.

sample

cathode « grid electrode

i

Fig.1. Schematic diagram of the GEPSII experimental system.

Although we assume that the plasma density dis-
tribution and the ion implantation along the axial di-
rection are uniform, actually the axial density distri-

bution will show a little difference at the two ends.

Lengthening the tube in industrial applications can
solve this problem. The axial and radial density distri-

butions have been measured and published in Ref.[8].
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In this experiment, for the convenience of exper-
imental detection, we placed several 45%# steel sam-
ples on the inner surface bottom side of the tube
The tube was really the

cylinder of an automobile with a diameter of 100mm

along the axial direction.

and a length of 210mm; the cylindrical grid elec-
trode, made of stainless steel net with the mesh of
a size 0.9mmx0.9mm, had a diameter of 48mm and
a length of 230mm. The 45% steel, which is com-
posed of ferrite (a-Fe) and cementite (Fe3C), had a
poor corrosion resistance and low hardness. We used
two implantation voltages, pulsed and dc voltages.
The parameters used are as follows: pulsed high volt-
age Vouse=-10kV; pulse frequency fpuise=60Hz; pulse
width Wyuse=100pus; dc voltage Vy.=-2kV; nitrogen
pressure pN,=10Pa; RF power P,y=150W; self-bias of
RF source Vi_gof = —300V; and the processing time
durations are all 2h. The 45# steel samples were hand
polished with dimensions of 15mm in diameter and
2mm in thickness.

The electrochemical corrosion tests were carried
out using a M351 potentiometer, which gave the test-
ing Tafel curves. The corrosion test was performed
in 2% NaCl solution. We used an x-ray photoelec-
tron spectroscope (XPS/ESCALABS) to analyse the
coating content and an x-ray diffractometer (D/max-
RB) with CuKa (A=0.154nm, 50kV, 200mA, with
a monochromator, step width 0.02°, sampling time
3s) to characterize the microstructure of the coat-
ings. The depth profile was analysed by a scanning
Auger electron spectroscope (PHI-610/SAM, electron
gun voltage 3kV, energy resolution 0.3%, entrance an-
gle 30°).

3. Results and discussions

3.1. Electrochemical corrosion

The electrochemical corrosion test gives the log
(I)-V polarization curves called the Tafel curves. We
can obtain the pitting corrosion potential (Eco,r) and
corrosion rates from the Tafel curves. The pitting
corrosion potential is obtained at the beginning of
the test and taken as the start of the voltage axis;
the corrosion rates are represented by the free corro-
sion current (Ix). The electrochemistry parameters

of the processed samples are shown in Table 1 and

Fig. 2. The value of F.y,.,, which is related to the
Gibbs free energy of the sample, stands for the re-
The
sample with a higher Gibbs free energy has a rela-

sistance ability against the pitting corrosion.

tively high positive value of E...., and accordingly
a higher corrosion resistance ability.['4] The passivat-
ing phenomenon in the curves in Fig.2 shows that the
coated films work well. Here the passivated film which
refers to the coated TiN film is different from that
produced on the steel passivated by itself in a strong
acid. For passivating curves the current value at the
passivating inflection point is I of the film, and for
the curve without passivating phenomenon, it is the
current value at the intersection point of z-axis and
the tangent of the curve at about 100mV above the
FEcorr. The lower I, means a lower corrosion rate, and
thus means a higher anticorrosion ability. E.,.. and I
given in Table 1 and Fig.2 indicate that all the coated
films have a higher corrosion resistance than the un-
coated sample does. The dc-implanted film, with
Eeorr=-8mV and Ik:1.5><1078A/cm2, is several hun-
dred times improved. And the pulsed negative high-
voltage implanted film, with F.,,, = —319mV and
I,=2.82x107%A /cm?, is about 10 times improved.
Because the total injection current of the dc implan-
tation is larger than that of the pulsed implantation,
the dc-implanted film has a higher corrosion resistance
than the pulsed implanted film does. In anodic reac-
tion, iron atoms lose electrons and dissolve into the
salt solution. The coated film protects the 45% steel
substrate with a dense microstructure to prevent cor-

rosion reactions.

1000
Ecorr/mV  I/(A/cm?)
800150 -594 2.25x10~°
S1  -319 2.82x10~6
600 -
S4 -8 1.51x1078
400
> S4 dc implantation
g 200 \
0
S1 pulsed implantation
~200
4007166 d
Uunprocesse:
_600 A T . T '\.I\ T . L . T
-10 -8 -6 -4 -2 0
log (I)/(A /cm?)

Fig.2. Tafel curves of different voltages for implanted

coatings (anode reactive).
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Table 1. Electrochemistry corrosion characters of different samples.

Sample RF Power/W Voltage/kV Pressure/Pa time/min Ecorr /mV I, /(A/cm?)
S1 150 -10, 62Hz 10 120 -319 2.82x10°6
S4 150 de -2 10 120 -8 1.51x10~8
S0 Unprocessed 45# steel sample —594 2.25%x107°

3.2. XRD analysis

Figure 3 shows the XRD patterns of the im-
planted samples. S1 denotes the pulsed implanted
sample and S4 the dc-implanted sample. It can be
seen from the positions of the peaks that the im-
planted films contain several possible forms of TiN,:
TiN (111), TipN (210), TiN (200), TiN (220), Ti (103)
and TiN (222), and only the TiN (111) and (200)
peaks are remarkable. So the films have preferred ori-
entations of [111] and [200]. The appearance of several

TiO5 peaks indicates oxidation of the films. Since TiN

implantation takes place at room temperature while
the substrate temperature will rise during the implan-
tation process, so we can observe TiOy peaks in the
curves. Table 2 gives the measured values of TiN
peaks compared with standard JCPDS data. There
is no obvious difference between the two implantation
modes, but still we can see that the dc-implanted coat-
ing has more clear small peaks, especially the titanium

oxide peaks.

Table 2. The measured values of TiN peaks compared with
the JCPDS standard data.

peaks are very weak compared with the a-Fe phase in TiN peaks (hkl) | measured value d/nm JCPDS date d/nm
the substrate, we think that the thickness of the film 111 0.2400 0.2440
is thin. In addition, peaks are not sharp with several 200 0.2115 0.2120
degrees of 20 width. As is known, the crystal orien- 220 0.1500 0.1496
tations are related to the substrate temperature; the 222 0.1224 0.1223
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Fig.3. XRD patterns of implanted coatings (the strongest peaks are a-Fe).

3.3. Auger depth properties

Figure 4 shows the AES depth profiles of pulsed
and dc-implanted coatings. The scanning area of Art
sputtering gun is lmmx1mm, and the sputtering rate
is about 30nm/min, with 3.0keV energy and 25mA
emission current, and the guide sample is SiO5/Si. Tt
can be seen that the thickness of the dc-implanted
coating is about 48.75nm, but it is only 22.5nm for
pulsed implanted coating. This can explain why the
dc-implanted coating has a higher corrosion resistant

ability than the pulsed implanted ones. Implanted

coatings have good integrating interface with sub-
strates, and about 20nm width integrated interface
can be seen in the figures. The ratio of N/Ti is about
2 at all times, which also demonstrates the superabun-
dance of the N circumstance. Considering that the Ti
source is derived from the central electrode sputtering,
the lower content of Ti in the film can demonstrate the
lower sputtering ratio of Ti from the central electrode.
Furthermore, the high content of oxygen can explain
the Ti peaks in the XRD pattern. There are several
reasons why there is so much oxygen in the coating:

in the background gas pressure of about 3x10~2 Pa,
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Ti is very easy to react with Og, so there will be a
quantity of TizO3 or TiO; in the coating. The tem-
perature of vacuum chamber will increase during the
implantation process, and oxygenization will become
easier. In addition, the coating thickness is only tens
of nanometres, so surface air oxidizing will be easy and

severe after samples are taken out of the chamber.
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Fig.4. Auger depth spectra of pulsed coating (a) and
dc coating (b).

3.4. XPS coating contents

Figure 5 gives the 0-1000eV XPS spectra of 5min
sputtered sample S1, from which we can see Ti, N, C,
O elements. The N peak is lower compared with the
Ti peak, which means that Ti does not combine with
N well, and there must be a certain titanium oxide
(TiOg). Figure 6 (a) shows Ti 2P3/; and N 1S XPS
spectra of 5min sputtered surface of sample S1, and Ti
2P3,3 XPS spectra of 5min sputtered surface of sam-
ple S4. At the surface there is only TiOs component,
and Ti 2Py, peak is at 458.4eV. After 5min sputter-
ing, the TiN signal arises. The Ti 2P3/, peak of pure
TiN is at 455.8eV, and it is 454eV for pure Ti. Figure
6 (b) also gives the fitting curves of the Ti 2P3/,, XPS

spectra of bmin sputtered sample S1, from which we

can see the Ti—O, Ti—N, and Ti—T!1 valence bonds,
and the amount of Ti—O bond is the highest. N 1s
is at 396.5eV after 5min sputtering, but it is at 402eV
at the surface, which corresponds to the absorption
of nitrogen. The Art sputtering speed used in XPS
is about 1.5nm per minute, so the sputtered depth
is about 8 nm. From the AES data we can see that

oxidation is still very high.
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Fig.5. The 0-1000eV XPS spectra of 5min sputtered
S1 sample surface.
—
Nis i
396.5 TiO, T:xN Ti 2Py
TiOs i1. S1 surface
i2. S1 5min sputtfer

- 13. 54 5min sputer

§ 4p2 400 398 396 394 392 '

© " ‘ ‘W

3

1

(a) . 2

470 465 460 455 450

Binding energy/eV
Ti 2P3 2

:
O

(b)

470 465 460 455 450

Binding energy/eV

Fig.6. Ti 2P and N 1S spectrum of (a) Ti 2P XPS
spectra surface and 5min sputtered surface of sample
S1 and S4, and N 1S XPS spectra of 5min sputtered
surface of sample S1; (b) fitting curves of Ti 2P3/y
XPS spectra of 5min sputtered S1 surface.
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4. Conclusion

GEPSII is a new and effective method for mate-
rial inner surface modification. In this paper we have
successfully implanted TiN protective coating on 45%#
steel samples by GEPSII. The protective TiN coat-
ings can improve the surface corrosion resistance of

45% steel samples. Because of the higher implanted

dose, the dc-implanted sample has a better surface
corrosion resistance than the pulsed implanted sam-
ple does. The XRD, AES and XPS analyses indicate
that TiN coating is polycrystalline and contains some
oxide components. Introducing the grid electrode in
the experimental system is a trial and it needs further
research on properties of the plasma source and the

film growth.
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