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ABSTRACT

The corrosion behavior of nitrogen ion implanted 440C stainless steel was studied as a prac-

tical application of jon implantation. 440C stainless steel was subjected to the same implantation

condition which showed the significant improvement of corrosion resistance of a high purity iron.

The composition and structure of implanted layer were examined. The corrosion tests of the

samples were performed in deaerated 1N H,S0, and 0.1M NaCl aqueous solution using a potentio-

dunamic polarization method. The corrosion mechanisms of nitrogen ion implanted 440C stain-

less steel were investigated.

1. INTRODUCTION

The use of ion implantation as an effec-
tive means for changing the surface properties
of materials has a considerable interest in the
past decade. Although other properties such
av rihological properties may be equally or
more mportant for a particular application,
protesroon against corrosion by ion implanta-
E »n ¢omes to be considered [1,2]. There
ar . igue aspects of corrosion in this

suve Lizen only partially investigated.
T .ooness is in the special profile of the
ss 2 funcrion of the depth below
P ¢ and in the possibility of producing

o of elements regardless of the

solubility of the system unattainable by con-
ventional metallurgical technique. In the pre-
vious work [3], the authors studied the cor-
rosion behavior of nitrogen ion implanted high
purity iron as a model system to avoid the
complications which alloy additions would
introduce. In their study, nitrogen implantation
with a fluence of 2.5 x 10'7 jons cm™ at 100
KeV significantly increased the corrosion re-
sistance of the iron in both acidic and chloride
solutions.

The present study extends the experiment
of nitrogen ion implanation into iron to 440C
stainless steel, which is often used in bearings

and cutting implements where superior corro-
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sion resistance is required as well as hardness
and wear resistance. Nitrogen implantation was
expected to beneficially modify the corrosion
characteristics of 440C stainless steel similar to
that found fortheiron {3]. 440C stainless
steel was implanted with nitrogen ions with
the same implantation condition which had
produced the excellent corrosion resistance in
iron; The composition and structure of the
implanted layer of the steel were examined to
evaluate the corrosion characteristics of nitrogen
ion implanted steel. The mechanisms by which
ion implantation affected the corrosion behavior
of the steel were investigated.

2. EXPERIMENTAL PROCEDURES

The substrate material used in this study was
AISI 440C stainless steel. The pre-implanted
material was heat-treated as follows: (a) austeni-
tized at 1055 °C for one hour, (b) oil-quenched
to 50-65.6 °C, (c) tempered for one hour at
163 °C, (d) cooled in air to room temperature,
(e) soaked in liquid nitrogen for 30 minutes,
and (f) again tempered as in (c¢) and (d) above.
The composition of 440C stainless steel is given
in Table 1.

Table 1. Chemical Composition of 440C Stain-
less Steel (Wt. %).

Fe C Cr Mn | Mo Si

bal. [0.95-1.20 | 16-18 |  1.00/€0.75 | {1.00

Optical micrograph of the pre-implanted
440C stainless steel is shown in Figure 1. The
steel has a uniform distribution of small pre-
cipitates about 0.5 microns in diameter, con-
stituting approximately 17 percent of the volume
fraction (measured by the point counting me-
thod [4]) of the alloy.

Figure. 1. Optical Micrograph of 440C Stainless Steel.

Test specimens were produced by the same
process of previous work [3]. Nitrogen ions
were implanted with a fluence of 2.5 x 1017 jons
cm? at 100 KeV into the polished surfaces
using a commercial ion implanter.

Microstructural and chemical characteristics
of the specimen surfaces and sub-surface region
were evaluated to characterize the conditions
produced by ion implantation and the effect of
corrosion testing. Several surface analysis techni-
ques, including Auger electron microscopy
(AES), x-ray photoelectron microscopy (XPS
or ESCA), transmission electron microscopy
(TEM), and
(SEM) described in the previous work [3],

were employed to characterize the implanted

scanning electron microscopy

layer and corroded surfaces.

Aqueous corrosion tests were conducted
with a single-sweep potentiodynamic polariza-
tion technique to characterize the corrosion
behavior of implanted surfaces. Polarization
experiments were performed in deaerated 1IN
H;804 and deaerated 0.1M NaCl
solutions. Deaeration was started two hours
prior to testing by bubbling nitrogen gas through

aqueous
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the test solution. The specimen to be analyzed
was put into the solution five minutes before
testing to reduce pre-reaction with the test
solution. The solution was agitated during testing
with a magnetic stirrer. All potentials were
monitored with respect to a saturated calomel
electrode (SCE) at 25 °C. The polarization scan
was started 300 mV below the open circuit
potential in the noble direction. The scan was
then driven in the anodic direction to the trans-
passive or breakdown potential. Scanning in
the cathodic range was attempted to remove
or reduce the oxide film during or after implan-
tation. The voltage was scanned at 1 mV sec?.
This high scan rate was used to prevent exces-
sive modification of the surface alloy com-
position during the experiment.

3. RESULTS AND DISCUSSION

Auger surveys of the unimplanted and post-
implanted 440C stainless steel were taken to
determine the elements present in the surface
region of the samples. Figure 2 show typical
Auger surveys of the matrix and a precipitate
in 440C stainless steel after argon ion etching
to a depth of about 50 A. The Auger spectrum
peaks of the matrix, Figure 2(a), revealed that
Fe (80 at. %), Cr (10 at. %), and C (10 at. %)
were present. In the precipitate, Figure 2(b),
a high concentration of carbon (44 at. %) was
observed with Cr (34 at. %) and Fe (22 at. %)
indicating that the precipitate is possibly an
iron-chromium carbide.

After an Auger survey was taken of the as-
implanted surfaces, a depth profile was taken
using a sputter rate of about 55 A per minute
as determined with a Ta,O; standard. Figure
3 is a depth profile of the near-surface region
of 440C stainless steel implanted with a fluence
of 2.5 x 107 nitrogen ions cm™® at 100 KeV.
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Figure. 2. Auger Electron Spectra Obtained from 440C
Stainless Steel After Argon lon Eiching to
A Depth of 50 A
{a) The Matrix and (b)a Carbide Precipitate.

The maximum nitrogen concentration was about
22 at. % and resided about 1000 A beneath the
surface. The total proejcted range was about
2000 A. The maximum concentration of im-
planted nitrogen in 440C stainless steel appeared
greater than that found for iron subjected
to the same implantation condition [3].

The N 1s and Cr 3p3/; electron spectra
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Figure. 3. AES Depth Profile of the Near-Surface
Region of the Matrix of 440C Stainless Steel
Implanted with 2.5X 10'" Nitrogen lons
cm™? at 100 KeV.

obtained from the nitrogen ion implanted
440C stainless steel are shown in Figure 4.
There was a single peak in the N 1s spectrum of
as-implanted steel. It may be attributed to an

iron nitride [5]. Chromium oxides were related
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Figure. 4. X-ray Photoelectron Spectra of {a) N 1s
and (b) Cr 2p,., Electrons in 440C Stainless
Steel Implanted with 2.5 10'7 Nitrogen
lons em™ at 100 KeV.

to a Cr 2psp peak in the as-implanted steel with
Cr, O3 producing a peak at 576.3 eV and CrOs
at 578.1 eV [6]. After argon ion etching to a
depth of 40 A, the N Is spectrum had a single
peak which could be attributed to the iron
nitride [5]. In the Cr 2p3h spectrum, a peak
at 575.9 eV due to CrO, [6] was observed.

Figure 5 presents the TEM micrograph
of tempered 440C stainless steel. The observed
structure consisted of a tempered martensite
matrix, a large number of spheroidal iron-
chromium carbide precipitates, and a small
fraction of retained austenite. The substructure
of the tempered martensite was composed of
heavily tangled dislocations in the martensite
lath structure. Reatined austenite present is
about 5 to 7 volume percent as determined by
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Figure.5. (a) Transmission Electron Micrograph of
Tempered 440C Siainless Steel and (b)
Selected Area Diffraction Pattern from
Area (o).

the x-ray diffraction. The iron-chromium car-
bide precipitates (marked C in the figure) are
quite evident. The lattice structure of the carbide
was determined to be closed packed hexagonal.

During electropolishing of the thin foils, the
carbide often dropped out due to the preferen-
tial dissolution of the matrix boundary region
around the carbides.

Figure 6(a) shows the bright field image
of the nitrogen ion implanted 440C stainiess
steel. A high density of tangled dislocations
were evident in a martensite structure. The
electron diffraction pattern of the structure
of Figure 6(b) showzd only a single phase mar-

(io1)y (101}

@ (111) Martensite
e (111) Martensite
o {100) Martensite

(b)

Figure. 6. (a) Transmission Electron Micrograph of
440C Stainless Steel Implanted with 2. 5%
10'" Nitrogen lons em™ at 100 KeV and
(b) Selected Area Diffraction Patten from
Area (a).

tensite structure. The dark field image analysis
of each diffraction spot revealed that no other
phases were present.

Ni{rogea implantaticn into a chromium-
bearing steel may form NaCl-type nitrides such
as chromium nitride | 7]. However, x-ray photo-
electron spectroscopy data indicated that the
XPS peaks of the chromium nitride were not
observed in the steel. This observation may be
the result of heating effect during implantation
which is proportional to (beam current) x (ac-
celerating voltage). During implantation, the
high energy implantation will induce a great
heating effect and may breakdown the chromium
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Figure. 7. Potentiodynamic Polarization Curves of 440C
Stainless Steel Tested in Deaerated 1N
H:SO, Solution: Unimplanted ¢ Yand Imp-
lanted with 2. 5X 10" lons cm™ at 100 KeV

nitride with the resultant formation of iron
nitride leaving the chromium free in the surface
layer.

Figure 7 shows the potentiodynamic polari-
zation curves of unimplanted and implanted
440C stainless steel with a fluence of 2.5 x 107
nitrogen ions cm? at 100 KeV tested in a de-
aerated 1IN H,SO, aqueous solution. The im-
planted steel displayed the slightly reduced
corrosion rate, critical current density, and
passive current density. SEM micrographs of the
corroded surface shown in Figure 8 depicted
somewhat different forms of corrosive attack.

Figure 9 shows the potenticdynamic po-
larization curves of unimplanted and nitrogen

ion implanted 440C stainless steel tested in a
deaerated 0.1M NaCl aqueous solution. Im-
plantation with a fluence of 2.5 x 10!7 nitrogen
ions cm? at 100 KeV significantly reduced the
current densities without pitting in the potential
range evaluated. However, the open circuit
potential was lowered by 160 mV. Figure 10
shows the SEM micrographs of the corroded
surfaces after polarization testing, The implanta-

tion produced a surface where pits repassi-

of 440C Stainless Steel
Corroded in Deaerated 1N H,SO, Solution:
(a) Unimplanted and (b} Implanted with 2.5
% 10" lons cm™* ai 100KeV.

Figure. 8. SEM Micrographs

vated and were protected against further pitting
in the test, and no developed pits were observed.

The improvement of corrosion resistance of
440C stainless steel by nitrogen ion implantation
may be attributed to the same reasons as for
iron previously studied [3]. These observations
indicate a model parallel to that hypothesized
for iron can be used. Nitrogen ion implantation
crystallographic roughness

may reduce the
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Figure. 9.

of steel surface and provide a more homogeneous
surface for the formation of a passive film than
the crystalline state. This results in the formation
of a homogeneous, low stress passive film during
corrosion. Significant improved resistance to
pitting in 0.1M NaCl solution may be provided
by this reason.

Of course, the additional factor of the form-
ation of a Cr rich layer during electrochemical
dissolution of the implanted surface may not be
disregarded. The enrichment of the surface by
the alloying elements such as Cr and implanted
ion species during corrosion results in an improv-
ed corrosion resistance due to the implanted
region acting as a preformed, stable surface
layer serving the same function as a passive
film.

4. CONCLUSIONS

1. Nitrogen implantation with a fluence of
2.5 x 10'7 ions cm® at 100 KeV into 440C
stainless steel produced a high density of tangl-

(b)

Figure. 10. SEM Micrographs of 440C Stainless Steel
Corroded in Deaerated 0. 1M NaCl Solution:
(o) Unimplanted and (b} Implanted with 2.5
X 10" lons cm™® at 100 KeV.

ed dislocations in the martensite lath.

2. Nitrogen ion implantation into 440C
stainless steel increased the corrosion resistance
of the steel in a deaerated IN H,SO, equeous
solution. The implanted steel showed the signifi-
cant increased pitting resistance in a deaerated
0.1M NaCl aqueous solution. Pits produced in
the solution were well-repassivated, and pitting
potential was not found in the range tested.
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