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Study of Corrosion Resistance and Microstructure
of the 0.45 wt% C Steel Modified by
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A 0.45 wt% C steel was modified by pulsed high energy density plasma (PHEDP), which was composed
of particles of aluminum and nitrogen. A layer of thin film was formed on it. The modified steels were
studied by an electrochemical corrosion test and transmission electron microscope (TEM) observations.
Results showed that the corrosion resistance ability of 0.45 wt% C steel improved after modification, and
the film was composed of nanocrystal-aluminum-nitride-phase (AIN), with crystal size of less than 20
nm. The nanocrystal-structured film contributes to the improvement of the corrosion resistance. The im-
provement is not only related to the microstructure of the film but also to its surface morphology, and
both are controlled by the parameters of the PHEDP.

Keywords aluminum nitride, carbon steel, nanocrystals, surfdce  cools rapidly if the substrate material has good thermal conduc-

modification tivity (such as steel), and the cooling rate can reachx.1m#
) °Cl/s, which is much higher than what is needed in steel quench-
1. Introduction ing (Ref 6). The quenching process of PHEDP is accompanied

by the implantation of active plasma particles.

The improvement of the corrosion resistance and mechani-
cal properties of steel surfaces is an important way to extend . .
steel life. Nitriding treatment of steel surfaces has been used t02- EXpe”mental Details
improve the corrosion and fatigue resistance ability of steel for
decades (Ref 1). Recently, nitride films, such as titanium nitride ~ Figure 1 schematically shows the process of PHEDP surface
(TiN), aluminum nitride (AIN), and chromium nitride (CrN), modification. The operating gas is introduced through an elec-
have also been deposited on the steel surface by various surfadeomagnetic valve, and the operating voltage is maintained
modification methods to improve the corrosion resistance of across the outer and inner aluminum electrodes. Once the gas
steel surfaces (Ref 2). Aluminum nitride film is insulating ma- flows into the coaxial gun, it breaks down. Large current flows
terial with high chemical stability, which explains its wide use through the end of the coaxial gun, which helps the generation
in functional coatings and devices. It has high corrosion resis-of the metal particles by sputtering and evaporation. The
tance against oxidation in molten aluminum alloys up to 700 plasma, created by the discharge and composed of particles of
°C; therefore, it is used as an anticorrosive coating (Ref 3). ItalJuminum and nitrogen, is heated by the Joule heating and ac-
has been deposited by various surface modification methodgelerated by the Lorentz forcex.B, to the sample.
(Ref 4, 5). However, in all the previously mentioned methods, gy specimens (22 7 mm diameter) of 0.45 wt% C steel

Were impacted by PHEDP. Table 1 lists the parameters of

the adhesion of the film to the substrate, may cause changes ibEpp reatment. Sample 1 was unmodified 0.45 wt% C steel.

the structure and properties of the substrate material. As a resuléam les 2 and 3 were PHEDP modified 0.45 wt% C steel. Each
some surface modification methods, not involving heating the P ' ;

substrate, have been developed; pulsed high energy densit?ample was cut into four parts: two of the four parts were used
plasma (PHEDP) surface modification is one of them. or a corrosion test, and the parts that remained were used for

Pulsed high energy density plasma has been used to forn

films, such as titanium carbonitride (TiICN) film (Ref 6) and cu- % 2y, 3 .

bic boron nitride (CBN) film (Ref 7) etc. In PHEDP surface 5 | Cg %ﬁ
modification, it is not necessary to heat the substrate to b \ 5 1

strengthen the adhesion between the film and the substrate be CPJ__ — ] ‘
cause the plasma can heat the surface of the substrate to 15( ‘ R ]

°C very quickly, changing it into molten state without altering O J |

the general characteristics of the steel. The molten surface ﬂ il

K. Wei, Y. Fu, andX. Wu, University of Science and Technology Bei- ~ Fig. 1 Diagram of generating pulsed plasma and surface proc-
jing, Beijing 100083, China; anfl.-Z. YangandB. Li, Institute of essing. (1) Electromagnetic valve. (2) Charging and discharging
Physics, Chinese Academic of Science, Beijing 100080, China. Con- circuit. (3) Coaxial plasma gun. (4) Vacuum chamber. (5) Sam-
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preparation of the transmission electron microscope (TEM) sides were glued together, then the glued bulk was cut into
specimen observation. slices of 0.5 mm thickness by electric spark machining, and the
The specimens, used in the corrosion test, were prepared aslices were mechanically abraded tgf0 thickness followed
follows: One face of each part of sample 1 was arbitrarily cho- by argon milling. The TEM observation was performed on a
sen for the corrosion test. Other faces were coated with epoxyJEOL 100CX (JEOL Ltd.).
The faces with film of samples 2 and 3 were left for the corro-
sion test, and the other faces were coated with epoxy. In this ex-
periment the faces left for the corrosion test had an equal are®. Results
of 1 by 1 mm. These epoxy-coated-samples underwent an elec-
trochemical corrosion test in which Tafel curves of the samples  The results of the corrosion test are shown in Fig. 2 and Ta-
were obtained (Ref 8). The tests were performed on an M351ble 2. Figure 2 shows the Tafel curves of sample 1 (curve a),
potentiostat instrument that was in conjunction with a com- sample 2 (curve b), and sample 3 (curve c), and Table 2 shows
puter and ar-y recorder to plot Tafel curves. The corrosion so- the values of g, andi, and the surface appearance of the sam-
lution was 2 vol% NaCl water. Tafel curves were obtained by ples. The value oE_,, which is related to the Gibbs free en-
recording corrosion current density versus corrosion potentialergy, stands for resistance ability against the beginning of
in the range 0£100 mV around the free corrosion potential. corrosion. Phases with high Gibbs free energy have a relatively
The parameters obtained in the corrosion resistance test opositivevalue ofE.,,, thus, high resistance ability. The value
the samples were free corrosion potentialg,, and corrosion  of iy stands for corrosion rate, and a small valug @fplies
current densityi,. The free corrosion potential was measured low corrosion rate (Ref 8). In Table 2, it can be seen from the
at the beginning of corrosion test, while the corrosion current appearance of the corroded sample that sample 1 has been cor-
density was obtained by computer simulation (shown in Fig. 2). roded more severely than samples 2 and 3. Samples 2 and 3,
Transmission electron microscopy specimens were pre-whose corrosion current densities are about 70% and 45% of
pared by the cross section method (as shown in Fig. 3). The filmthat of sample 1, respectively, have lower corrosion rates com-

Table 1 Parameters of the pulsed high energy density plasma (PHEDP) processing

Parameters of
PHEDP modified PHEDP treatment
Series No. Substrate material (or unmadified) Discharge voltage, kV Nitrogen pressure, kg/cn? Pulse number
Sample 1 0.45 wt% C steel Unmodified
Sample 2 0.45 wt% C steel Modified 3.5 2.0 1
Sample 3 0.45 wt% C steel Modified 0.5 3.0 60
Table 2 Results of the electrochemical corrosion tests of samples 1, 2, and 3
Surface appearance
Sample Ecorr: MV ix Alcm2 Before corrosion test After corrosion test
Sample 1 -477.0 1.41x 10 Smooth A lot of corroded specks at the
surface
Sample 2 -499.0 1.00x 10 Rough Some corroded specks at the
film surface
Sample 3 -442.4 6.60x 1076 Smooth One or two very small
corroded specks at the film
surface

Sample 1, 0.45 wt% C steel unmodified; sample 2, 0.45 wt% C steel modified by pulsed high energy density plasma; sample 3, 0.45 wt% C steel modified by
pulsed high energy density plasma, 0.5 kV.

Table 3 Indexing of the diffraction pattern of Fig. 4

AIN (hexagonal)

Ring No. Ring diameter 2, mm Experimental values of d, nm Standard values ofd, nm hkl
1 15.0 0.271 0.2700 100
2 17.5 0.233 0.2372 101
3 215 0.189 0.1829 102
4 26.0 0.157 0.1557 110
5 28.0 0.145 0.1414 103
6 30.0 0.136 0.1348 200

LA = 2.035 nniCmm.d is the crystal space distance, the experimental values of which were calculated accoddinightoThe standard values dfvere
from JCPDS card (25-1133).
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pared with sample 1. Sample 3 has a more podgiygvalue 101 type reflection of aluminum nitride of the film of samples
than sample 1, while sample 2 has a relatively neg&iyg 2 and 3. It was shown that the particle size of aluminum nitride
value compared with sample 1. This is because sample 2 has & the film is smaller than 20 nm.
rough film surface, which is easily corroded because the un-
even sites at the surface favor the beginning of corrosion and
the formation of corrosion pits. Sample 3 has superior corro-4. Discussion
sion resistance compared with sample 2. Generally, the PHEDP
surface modification can improve the corrosion resistance of  The electrochemical corrosion of steel is usually produced
0.45 wt% C steel, but the improvement is resistant by the pa-by the formation of microcorrosion cells caused by the poten-
rameters of PHEDP, as shown in Table 1. The rough surface otial difference among sites of the steel surface due to the hetero-
sample 2 is caused by the high discharge voltage, which isgeneity of the microstructure, composition, or stress. The
much higher than that for sample 3. An additional reason thatelectrochemical corrosion reaction in neutral solution is (Ref 9):
the protective effects of sample 2 are not as effective as those of
sample 3 is that the film of sample 2 with one pulse is much anodic reaction Fe, Fe2* + 2e (Eq a)
thinner than that of sample 3 with 60 pulses.

Figure 4 shows the results of the TEM observations. Figure
4(a) is the diffraction pattern from the film area of sample 2 and Cathodic reaction (1/2)0+ H,O + 2e—~ 20H (Eq b)
sample 3. Indexation of the pattern shows that the diffraction is
from aluminum nitride phase. Table 3 shows the result of the in- In the anodic reaction, iron atoms lose electrons and dissolve
dexing. Figure 4(b) is the central dark field image taken with a into the solution.
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Fig. 2 Tafel curves of samples. (a) Sample 1 (unmodified 0.45
wit% C steel). (b) Sample 2 (0.45 wt% C steel modified by
pulsed high energy density plasma, or PHEDP, 3.5 kV). (c-Sam
ple 3 (0.45 wt% C steel modified by PHEDP, 0.5 kV). The-ordi
nates of the points A, B, and C are the valueEcor of samples

1, 2, and 3, respectively.
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Fig. 4 (a) Selected area diffraction pattern (SAD) from the
) ) ] ) phases in film of samples 2 and 3. (b) Central dark field image
Fig. 3 Schematically shown is the process of specimen prepara-  (CDF) of AIN phase taken by type 101 diffraction in the pattern
tion for transmission electron microscopy observation. of Fig. 4(a)
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The 0.45 wt% C steel, which is composed of feratd-€) .
and cementite (R€), has poor corrosion resistance because it
easily forms microcorrosion cells due to the potential differ-
ence between the two phases. After being modified by PHEDP,
the surface of 0.45 wt% C steel is protected by a layer of dense
aluminum nitride film, which is free from the formation of mi- e
crocorrosion cells by phase heterogeneity. Aluminum nitride
has a high Gibbs free energy (approximately —316 kJ/mol, Ref
10), which makes it stable during chemical reactions, as identi-«
fied in the corrosion test. In addition, the aluminum nitride
phase formed by PHEDP has a nanocrystalline structure, which
shows abnormal performances of some properties compared
with conventional polycrystalline structure. The ratio of inter-
facial area to the grain volume of nanocrystalline material is
relatively large. It has been shown that the intercrystalline
(grain boundary and triple junction) content of material in-
creases from a value of 0.3% at a grain sizeiof io more than

The improvement of anticorrosion ability of 0.45 wt% C
steel is due to the formation of the dense aluminum nitride
film, which is resistant to the formation of microcorrosion
cells in solution and has a more positlg,,, value and
lower corrosion rate than 0.45 wt% C steel.

The corrosion resistance of the film is also related to its sur-
face state. Sample 3 with smooth film has better corrosion
resistance ability than sample 2 with a rough film.

High discharge voltages prefer to form adhesive but rough
aluminum nitride films, while too low discharge voltages
are unfavorable to the formation of aluminum nitride films.
A well-selected discharge voltage is an important element
for producing good anticorrosion films.
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