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9Cr18 martensite steel is commonly used as a bearing material in the aerospace industry in China.
Because of its ability to treat large and irregular industrial components, plasma immersion ion
implantation~PIII! is a good technique to enhance the wear resistance of 9Cr18 precision bearings
to extend the working lifetime. We have recently conducted a systematic investigation to determine
the process window of nitrogen PIII as well as to identify the enhancement mechanism. The surface
properties of 9Cr18 steel after nitrogen PIII under different dosage and plasma conditions~filament
hot electron discharge and radio frequency glow discharge! are evaluated by measuring the
microhardness, wear property, coefficient of friction, corrosion resistance, as well as elemental
depth profiles. Our data indicate that the degree of improvement does not differ substantially under
the various PIII conditions thereby suggesting a fairly large process window as long as enough
nitrogen is incorporated to form nitride phases. ©1999 American Vacuum Society.
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I. INTRODUCTION

9Cr18 martensitic stainless steel is often used in the C
nese aerospace industry as it possesses good corrosion
tant properties. In aerospace applications, the main me
nisms of bearing failure are surface wear and corrosion.1 The
primary reason of corrosion is that the bearings work int
mittently and the lubrication oil is frequently contaminat
by S, Cl, Na, K, Ca, and other deleterious elements in
working ambient. Hence, improving the surface wear a
corrosion properties by surface treatment is a good wa
prolong the lifetime of the bearings in the field. Because
the high Cr content of 9Cr18 steel, nitrogen ion implantat
has been proposed to be a good technique to enhanc
surface properties.2

Plasma immersion ion implantation~PIII! circumvents the
line-of-sight restriction and the retained dose problem ch
acteristic of conventional ion beam implantation.3–7 It is
therefore an excellent technique to treat large and irreg
components such as aerospace bearings.8 In this work, nitro-
gen PIII is utilized to treat 9Cr18 samples. We investig
the effectiveness of low pressure gas discharge and r
frequency~rf! glow discharge as well as the influence of t
implant dose by comparing the microhardness, wear,
corrosion properties before and after PIII. Our results in
cate unambiguously that nitrogen PIII improves these pr

a!Corresponding author; electronic mail: paul.chu@cityu.edu.hk
851 J. Vac. Sci. Technol. B 17 „2…, Mar/Apr 1999 0734-211X/99
i-
sis-
a-

-

e
d
to
f

n
the

r-

ar

e
io

d
i-
-

erties significantly, but the different treatment proces
yield similar results. It thus appears that the process wind
is quite large as long as enough nitrogen is implanted to fo
nitride phases in the near surface region.

II. EXPERIMENT

Test coupons of 9Cr18 bearing steel~composition in
wt %: Fe-79.655, Si-0.8, Mn-0.72, P-0.035, S-0.03, C-0.
and Cr-17.8! in the quenched-and-tempered state often u
in bearing applications were studied. The samples to be
planted received a final polish to a surface roughness,Ra , of
0.04 mm, and were cleaned ultrasonically in acetone. Nit
gen PIII was carried out in a multipurpose plasma immers
ion implanter.9 The nitrogen plasma was generated by tw
different means:~i! low pressure gas discharge by hot ele
trons emitted from heated filaments and~ii ! radio-frequency
glow discharge using a 13.56 MHz, 2 kW rf inductive
coupled plasma source. The samples were mounted o
oil-cooled stage to keep them at close to room tempera
during PIII in an effort to eliminate the temperature fact
that is expected to be different under the two plasma exc
tion conditions if no sample cooling is implemented. Prior
nitrogen implantation, the samples were sputter cleaned i
argon plasma for 15 min. The instrumental conditions
summarized in Table I.

The coefficient of friction was measured on a pin-on-d
wear tester equipped with a ruby ball 3 mm in diameter. T
851/17 „2…/851/4/$15.00 ©1999 American Vacuum Society
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TABLE I. Experimental conditions.

Sample No. 0 1 2 3 4

Plasma generation none rf glow rf glow Filament gas Filament ga
method discharge discharge discharge discharge
Implantation voltage 32 kV 32 kV 32 kV 32 kV
Pulse width 30ms 30ms 30ms 30ms
Pulse repetition rate 300 Hz 300 Hz 300 Hz 300 Hz
rf power 500 W 500 W
Discharge voltage 80 V 80 V
Discharge current 0.8 A 0.8 A
Pressure 431021 Pa 431021 Pa 231022 Pa 231022 Pa
Dose (at./cm2) untreated 231017 531017 231017 531017
e
a
pl
fe
n
im
e
ed

o
h

ur

ic
v-

-

n
an
u
sl
ic

on
ti
te
al

o
e
ut
h

III
to a
ci-
the

cut-
s is
ure
of
g.

. 2.
m
t
en-
re-
ed
ll
3.7
er

CrN
be

and
of
en
er-

gas

les

le
tests were conducted using a load of 30 g and sliding sp
of 131023 m/s. An HX-1000 tester was operated with
loading of 25 g to obtain the microhardness of each sam
Polarization curves were measured in 0.1 M NaCl buf
solution and 0.1 M H2SO4 solution to evaluate the corrosio
properties of the samples. Chemical analyses of the
planted layers were performed by x-ray photoelectron sp
troscopy~XPS! and elemental depth profiles were acquir
by Auger electron spectroscopy~AES!.

III. RESULTS AND DISCUSSION

Table II shows the dramatic improvement in the micr
hardness after nitrogen PIII under various conditions. T
samples implanted using a radio frequency plasma so
~sample Nos. 1 and 2! exhibit slightly better properties which
can be attributed to the higher plasma density and chem
activity of the rf plasma. A comparison of the friction beha
ior of the five samples is displayed in Fig. 1. The unim
planted sample has a relatively high friction coefficient~0.8–
0.9!, and at the beginning of the test, the friction coefficie
is lower due to the existence of a small amount of water
adsorbates on the surface. As this layer is punched thro
during the test, the friction coefficient increases precipitou
after 450 cycles. In comparison, for the PIII sample, the fr
tion coefficient starts out at a lower value~0.1–0.3! because
an implanted layer with lower friction has been formed
the surface. As the test proceeds, i.e., increasing rota
cycles, the implanted layer is damaged and the substra
exposed. The friction coefficient increases to the same v
~0.8–0.9! of the unimplanted specimen~sample No. 0!. We
can define the ‘‘cut-through’’ cycle number as the number
rotating cycles after which the implanted layer is damag
and the friction coefficient begins to increase. The c
through cycle of each sample is depicted in Table II. T

TABLE II. Microhardness and cut-through cycle numbers of the five samp

Sample No. Microhardness~HV! Cut-through cycle numbers

0 430 450
1 577 3260
2 598 9600
3 490 4200
4 550 10 800
l. B, Vol. 17, No. 2, Mar/Apr 1999
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wear property is improved considerably after nitrogen P
and as expected, a higher implantation dose gives rise
larger cut-through cycle. However, the type of plasma ex
tation source has a less pronounced effect, and in fact,
samples treated by filament discharge show higher
through cycles contrary to the microhardness values. Thi
perhaps due to the slightly higher implantation temperat
during filament PIII and consequently enhanced diffusion
the nitrogen atoms as a result of inefficient sample coolin

The high resolution XPS Cr 2p and N 1s spectra acquired
from one of the implanted samples are displayed in Fig
The peak at 575.9 eV indicates the formation of chromiu
nitride after PIII. The N 1s spectrum shows three differen
chemical states of nitrogen. Based on published binding
ergies in the literature, the main peak at 396.2 eV cor
sponds to CrN. Therefore, the implanted nitrogen has form
primarily chromium nitride bonds. The other two sma
peaks corresponding to binding energies of 399.4 and 40
eV reveal that a small amount of nitrogen exists in oth
chemical states. Nonetheless, from the XPS results, the
phase is dominant after nitrogen PIII and is believed to
responsible for the improvement in the microhardness
wear properties. Figure 3 shows the Auger depth profile
an implanted PIII 9Cr18 bearing steel sample. The nitrog
profile displays a Gaussian distribution. There is also a c
tain amount of surface oxygen attributable to residual
contamination in the PIII chamber.

The anode polarization curves of the five 9Cr18 samp

FIG. 1. Coefficient of friction curves of the 9Cr18 samples.
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in 0.1 M NaCl buffer solution and 0.1 M H2SO4 solution are
shown in Figs. 4 and 5. According to the Tafel relation de
vation method, we can obtain the corrosion current and c
rosion potential of each sample. The corrosion resista
corrosion current density, and corrosion potential are lis

FIG. 2. XPS results of the nitrogen-implanted 9Cr18 sample—~a! Cr 2p
spectrum,~b! N 1s spectrum.
JVST B - Microelectronics and Nanometer Structures
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in Tables III and IV. It can be observed that the corrosi
potentials of the implanted samples are higher than tha
the untreated sample both in NaCl and H2SO4 solutions. This
demonstrates unambiguously the improvement of the sur
chemical stability after PIII. The difference in the corrosio
current density among the four treated samples~samples
Nos. 1 to 4! is not very big. In addition, different implan
doses and plasma excitation methods do not affect the e
trochemical corrosion curves significantly. Our data thus i
ply that a nitrogen implanted layer plays a crucial role
improving the electrochemical behavior of 9Cr18 steel, b
how it is formed is not as important. We believe that nitri
phases formed in the implanted layer are most critical
demonstrated by the high anode potential, even though it
also been suggested that air-formed oxide after nitrogen
implantation also plays an important role in improving t
electrochemical behavior of nitrogen implanted steel.2,10

FIG. 3. AES depth profile of a nitrogen-implanted 9Cr18 sample.
FIG. 4. Anode polarization curves in NaCl solution.
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FIG. 5. Anode polarization curves in H2SO4 solution.

TABLE III. Results of electrochemical corrosion test in NaCl solution.

Corrosion
resistance

Corrosion
current

Corrosion
potential

Sample No. ~kV! density (mA/cm2) ~V!

0 5.348 4.060 20.3703
1 85.09 0.2552 20.2953
2 129.30 0.1680 20.2104
3 111.90 0.1940 20.2497
4 128.30 0.1692 20.2925

TABLE IV. Results of electrochemical corrosion test in H2SO4 solution.

Sample No.

Corrosion
resistance

~kV!

Corrosion
current
density

~mA/cm2!

Corrosion
potential

~V!

0 0.4499 21.13 20.074
2 60.58 0.1792 10.035
4 60.08 0.1807 10.075
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IV. CONCLUSION

Nitrogen plasma immersion ion implantation enhances
microhardness and wear properties of 9Cr18 steel. The
face friction and corrosion resistance are also improved d
matically. Our experimental results indicate that the deg
of enhancement does not differ significantly under differe
dosage and plasma conditions. Hence, it appears that the
cess window of 9Cr18 PIII treatment is quite large as long
enough nitrogen is implanted into the materials to form
tride phases. PIII is thus a viable technique to treat indust
and aerospace components made of 9Cr18 steel.
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