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The corrosion of steels has long been the topic for materials scientists. It is established that surface treatment is an efficient way to
improve the corrosion resistance of steels without changing the bulk properties and with low costs. In the present paper, different
kinds of surface treatment techniques for steels are briefly reviewed. In particular, the surface modification involving nanostructure
formations of steels by using a low energy high pulsed electron beam (LEHCPEB) treatment is lightened in the case of an AISI
316L stainless steel and D2 steel. The overall results demonstrate the high potential of the LEHCPEB technique for improving the

corrosion performance of steels.

1. Introduction

Steels are the most widely used metallic materials both in
industrials and in our daily life. This is due to their superior
properties, such as high strength, good ductility, high hard-
ness, and low costs. However, steels often suffer from staining,
rusting, and corroding in different environments [1-3], which
may cause serious problems or even failure of the components
made of steels. Usually, general corrosion occurs in carbon
steels or low-alloyed steels since there is no dense protective
films formed on these steels [4]. Therefore, the steels are
continuously corroded. The so-called stainless steel usually
contains Cr of more than 11 wt% [5]. As a result of the high Cr
content, a dense protective Cr oxide layer can be formed on
the surface in corrosive environments, which will prevent the
further corrosion of the bulk material. Nevertheless, stainless
steel can be affected by pitting in the presence of halide

ions, particularly the chloride ion [6-8]. Therefore, corrosion
resistance is of first concern for different kinds of steels to be
used in industrial. The addition of alloying elements, such as
Cr, into steels is a way to improve the corrosion resistance of
steels. However, alloying of the bulk material will also change
the mechanical properties of the steels. Furthermore, alloying
is also very costly.

To compromise the corrosion, mechanical properties,
and the cost, the ideal solution would be to use surface
modification techniques to generate a protective layer at the
near-surface region or on the surface of the steels. In the
past decades, different surface modification techniques have
been applied to improve the corrosion resistance of steels. It
is found that carburizing, boriding, and nitriding can be used
to create a hardened layer on the steel surface, containing
mainly carbides, borides, or nitrides, respectively. These
hardened layers may also have better corrosion resistance
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FIGURE 1: Schematic diagram of the LEHCPEB source based on
vacuum spark plasma.

than their substrates [9-12]. By using laser surface remelting
and cladding, the corrosion resistance of laser-treated steels
can be also greatly improved. This was mainly attributed to a
homogenization of the elements in the remelted surface layer
or the addition of protective alloying elements/compounds
(13, 14]. Other methods, mainly film deposition techniques
such as physical vapour deposition (PVD), chemical vapour
deposition (CVD), sol-gel methods, electroless plating, and
so on [15-17], have also been introduced to modify the steel
surfaces. For instances, TiN, CrN, NbN, and TiCN films or
multilayer films can be deposited onto steel surfaces by using
various film deposition techniques [18-21]. Although these
films always have better corrosion resistance, the surface
properties strongly depend on the quality of the films such
as pinholes and impurities, which are not easy to control.
Furthermore, the films often suffer from poor adhesion
with the substrates. Ion implantation is also testified to be
able to improve the corrosion resistance of steels through
introducing alloying elements into the very top surface layers
[22-24]. However, the ion-implanted layers, usually less than
1 um in thickness, are too thin to sustain long-time corrosion.

Low Energy High Current Pulsed Electron Beam
(LEHCPEB) technique is a recently developed technique
for surface modification of metallic materials [25, 26].
The pulsed electron irradiation induces (i) very rapid
heating, melting, solidification, and cooling of the surface
together with (ii) the formation of thermal stress waves. As
a result, improved surface properties of the material, often
unattainable with conventional surface treatment techniques,
can be obtained fairly easily. This is particularly true for
tribological properties [27-29]. Previous investigations have
suggested that the LEHCPEB technique could be also used to
improve the corrosion resistance of precipitates containing
alloys [30-32]. The pulsed electron irradiation generated by
this surface treatment technique induces rapid melting of
the surface followed by extremely fast solidification. This
process leads to the dissolution of second-phase particles
and, after sufficient number of pulses, to the formation of a
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2-3 ym thick homogeneous melted surface [33]. In the case
of the steels, the subsequent ultra-fast solidification leads to
a structure containing nanostructured domains [34]. It will
be shown in the following sections that those effects induced
by the LEHCPEB treatments can significantly improve the
corrosion resistance of steels.

2. The LEHCPEB System

The pulsed electron beam treatment was carried out with a
Nadezhda-2 type LEHCPEB source [25, 35]. It produces an
electron beam of low energy (10-40 keV), high-peak current
(102-10° A/cm?), short pulse duration (approx.1 ys), and high
efficiency (repeating pulse interval being 10 s). Figure 1 shows
a detailed sketch of the electron beam gun, a major part of the
electron beam system which produces electron beams. The
explosive emission cathode is made of porous graphite for its
low ionization potential. The anode is made of stainless steel
and has a hole in its center through which the beam passes.
Graphite cathode spark plasma sources are placed evenly in
a circle behind the anode. The electron beam is transported
through the anode plasma to the collector. To prevent the
beam from pinching and dispersing, an external magnetic
field created by a sectioned solenoid is used. The accelerating
voltage, magnetic field intensity, and anode-collector distance
control the beam energy density. More details about the
LEHCPEB system can be found in [35, 36].

3. Surface Modifications of Steels by
the LEHCPEB Treatment

Two examples of steels treated by the LEHCPEB are shown
here, namely, AISI 316L stainless steel and AISI D2 steel.
The details about the starting materials and their LEHCPEB
treatments can be found in [32-34]. In both cases, the
modifications in microstructure and corrosion resistance
induced by the treatment will be reviewed and discussed in
detail.

3.1. Improving Corrosion Resistance of 316L Stainless Steel
by LEHCPEB. Figure2(a) shows a SEM image of the
microstructure of the AISI 316L stainless steel in the as-
received condition after etching in chloronitrous acid and
observation under secondary electron imaging (SEI) condi-
tion. The microstructure is primarily a single austenitic phase
structure. Many of the grains are twinned, and their size
is about 40~60 ym. Figure 2(b) is a backscattered electron
image (BEI) of the untreated sample. The composition is fairly
homogenous on the whole surface, but many tiny inclusions
are visible. These inclusions are the intentionally introduced
MnS particles [37] improving machinability. Electron probe
microanalysis was also carried out on the treated samples to
reveal the possible composition changes in the LEHCPEB-
treated samples. Figure 3 shows the results from the samples
treated for 5 and 20 pulses with a beam energy of 3J/cm”.
Figure 3(a) is a secondary electron image of the sample
treated for 5 pulses, and Figure 3(b) is the corresponding
backscattered electron image. In Figure 3(a), a large amount
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FIGURE 3: Images of the samples treated for 5 ((a) and (b)) and 20 ((c) and (d)) pulses observed under SEI ((a) and (c)) and BEI ((b) and (d))

conditions.

of craters can be observed, which are commonly present
on metal surfaces treated with pulsed energetic beams [38,
39]. They are distributed fairly homogeneously on the whole
surface. In Figure 3(b), some dark spots still exist on the
surface, but their quantity is reduced compared to the initial
state. Comparing Figures 3(a) and 3(b), it is clear that the
dark spots are always located at the center of the craters.
The elemental line scan shown in Figure 3(b) reveals that
the dark spots correspond to S- and Mn-rich particles or
MnS inclusions. The previously mentioned result indicates

that the MnS particles initiate the craters. Figures 3(c) and
3(d) display the same analysis for the 20-pulse sample. In
Figure 3(c), only a few craters are present after 20 pulses.
The crater density is much lower than the one reported for
the 5-pulse treatment. Figure 3(d) shows that the dark spots
have almost completely disappeared. In brief, the second
phase particles are the nucleation sites for craters during the
LEHCPEB treatment.

A typical example of SNMS analysis in 20-pulse sample
is given in Figure 4 where the evolutions in the Fe, Cr, Ni,
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FIGURE 4: A typical example of surface composition profiles of the 316L stainless steel sample treated by LEHCPEB for 20 pulses measured

by SNMS.
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FIGURE 5: Potentiodynamic polarization curves of the treated and
untreated AISI 316L stainless steel in the TSB fluid.

Mo, and Mn concentrations are plotted as a function of the
distance from the surface. After 20 pulses, as illustrated in
Figure 4(a), the Fe, Ni, Cr, and Mo concentrations remained
nearly constant. On the other hand, the Mn concentration
decreases significantly toward the surface from 1.6 at. % in
the bulk of the steel down to about 0.6 at. % at the top
surface, as shown in Figure 4(b). Considering that a part of
Mn exists in MnS particles, the decrease in Mn concentration
in the surface layer confirmed the occurrence of the selective
purification effect during the LEHCPEB treatment.

Figure 5 shows the results of the potentiodynamic polar-
ization curves of the untreated and treated samples. All the
samples have a passive behavior in the Tyrode’s simulated
body fluid (TSBF) solution. The corrosion current density

of the LEHCPEB-treated samples decreased when increasing
the pulse numbers. The corrosion current density of the
sample after 20 pulses was an order of magnitude lower than
that of the untreated sample. The corrosion potential (E_,,)
of all the treated samples is also increased to some extent.
The breakdown potential of the passive film, E, , increases
from 233 mV (SCE) for the untreated sample to 342 mV for
the 20-pulsed sample. These polarization curves reveal a
significant improvement in the corrosion resistance of the
316L stainless steel after the LEHCPEB treatment. However,
the results also show that the 5-pulse sample has a lower
broken potential with a narrower passive region compared to
that of the untreated sample.

Figure 6 shows the Bode plots of EIS spectra for all
the 316L stainless steel samples in the TSB fluid. In the
high-frequency region, the impedance reflects the electrolyte
resistance between the sample and the reference electrode.
At the low-frequency limit, the impedance is attributed to
the polarization resistance of the sample in the electrolyte
[40]. It is clear that the impedance modulus and the phase
angle of the initial sample are always lower than those of
the treated samples. From Figure 6(a), it can be seen that |Z|
has a nearly linear relation with log( f). Figure 6(b) indicates
that the phase angle ¢ has values close to —80° at low-
frequency values (f < 1Hz) after the LEHCPEB treatments.
These characteristics indicate that the oxide layer formed on
modified samples has predominantly a capacitive behavior
[41]. The near capacitive behavior is observed over a wider
frequency range for the modified samples. This means that
the passive film on the LEHCPEB-modified sample surface
can maintain its characteristic response over a longer time.
Moreover, the 20-pulse sample displayed higher polarization
resistance compared with that of 5-pulse one. This can be
observed in both the higher near capacitive values of the
phase shift response at low frequencies and in the impedance
values at low frequency. From all of the previously mentioned
results, we can safely conclude that the corrosion resistance
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FIGURE 6: Bode plots of 316L samples in the TSB fluid: (a) impedance modulus |Z| versus frequency f, (b) phase angle ¢ versus frequency.

FIGURE 7: Optical morphologies of the D2 samples: as initial (a), treated sample D2-1 (b).

of samples was significantly improved after the LEHCPEB
treatment. The best corrosion resistance in this study was
found to be the sample treated with 20 pulses.

The crater formation and related surface purification
effect are believed to be the main reasons for the improved
corrosion resistance. At the early stage of the treatment, typ-
ically 5 pulses in our case, eruption usually occurs on the top
surface, since there are a large amount of inclusions/second-
phase particles. With the increased number of pulses, the par-
ticle density on the top surface decreases due to the eruption
events as well as their dissolution within the melt. This reduc-
tion of particle density leads to a lower amount of available
nucleation sites for new eruption events and, consequently,
the crater formation on the top surface is more difficult. Since
the solidification rate is very fast, “solute trapping” occurs
under cooling after the dissolution of the particles and results
in the homogenization of the chemistry in the resolidified
melted layer. This removes the Cr-depleted zone generally

present at the material surface [8] and enhances the corro-
sion resistance. The best corrosion properties are obtained
after a sufficient number of LEHCBEB pulses—typically 20
pulses here—that can provide with the combination of (i) the
formation of a chemically homogeneous film and (ii) the
absence of surface craters.

By using the LEHCPEB treatment, rapid surface alloying
of the 316L stainless steel with Ti has been successfully
achieved. The results showed that the corrosion resistance of
the steel can be further improved by introducing Ti into the
top surface layer of the stainless steel [42].

3.2. Improving Corrosion Resistance of D2 Steel by LEHCPEB.
The pulsed electron beam treatment parameters for the D2
steel samples are shown in Table 1. Here, the number of pulses
is set as 20 for all the samples, while the accelerating voltage is
changed. Figures 7(a) and 7(b) give the typical optical images
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FIGURE 8: XRD patterns of the untreated and treated D2 steel
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FIGURE 9: Typical bright field TEM micrograph taken in the melted
layer of the 25-pulse D2 steel sample.

of the untreated and treated D2 steel (D2-1) samples. It can
be clearly seen that large carbides are present in the untreated
sample (Figure 7(a)). After the treatment, craters are formed
on the surface (Figure 7(b)), which are the results of eruptions
occurring at the carbides. Indeed, the carbides have lower
melting point and heat conductivity than the « ferrite matrix.
Therefore, during the treatment process, the carbides melt
before the rest of the material. Just below the surface, the
melting expansion induces an eruption event, as described in
more detail elsewhere [34, 43].

Figure 8 shows the XRD traces of the samples before
and after the LEHCPEB treatments. The starting material
contained two phases: ferrite (a-Fe) and carbide having the
Cr,C; structure. The volume fraction of the carbide is fairly
important, and the carbide peaks are clearly visible in the
XRD trace of the starting material. The intensity of the X-
ray diffraction peaks also indicates that the major phase in
the initial material was «a-ferrite. After the LEHCPEB bom-
bardment, the XRD traces are observed to change somehow
dramatically. Concerning the Cr,C; phase, it is clear that
the carbide peaks tend to disappear after the LEHCPEB

Journal of Nanomaterials

TaBLE 1: LEHCPEB treatment parameters of the D2 steel samples.

Specimens Energy Distance P}Jlses
(kV) (mm) (times)
D2-1 18.00 140 20
D2 D2-2 21.50 140 20
D2-3 27.80 140 20

TABLE 2: Corrosion data of the untreated and treated D2 steel
samples in 3.5% NaCl solution.

Samples Ecorr Icorr ) R,
(mV) (pA/cm?) (kQ/cm?)
As initial -720.38 0.29 74.37
D2-1 —451.45 0.23 93.06
D2-2 —-470.77 0.21 101.27
D2-3 —-478.14 0.20 105.69

treatments. Concerning the « phase, it is interesting to note
that some of the peaks in the treated samples have close
neighbours. A splitting of the (200) peak is usually found in
newly formed martensite having sufficient amount of C to
reveal its quadraticity. Finally, some new peaks are present
in the XRD traces. They were verified to be from the y-Fe
phase. The peak intensity of the y-Fe phase increases with the
accelerating voltage, indicating that the volume fraction of the
y phase detected by XRD increases [44, 45].

The corrosion resistance of the D2 steels samples was
measured in the 3.5% NaCl water solution. The corrosion
data calculated from potentiodynamic polarization tests are
summarized in Table 2. It can be found that the corrosion
potential (E_.,,) becomes nobler after the LEHCPEB treat-
ment, while the corrosion current (i.,,) decreases. As a
result, the calculated polarization resistance (Rp) increases
after the LEHCPEB treatment. The best corrosion resistance
is found in the D2 steel sample treated with the highest
accelerating voltage (D2-3).

The corrosion resistance of D2 steel is closely related to
the formation of austenite in the surface layer. From the
phase diagram, it can be established that the primary phase
in solidification for the D2 steel should be y. However, the
local composition depends on the ability of electron beam to
homogenize the surface layer. When the accelerating voltage
is low, that is, low beam energy density, the melting duration
of the surface layer is very short. As a result, the large carbides
cannot be completely dissolved in the melt. During cooling,
martensitic transformation will occur in the C lean austenite.
When high-accelerating voltage is applied, the melt duration
at the top surface layer is sufficient long for carbides to
be completely dissolved. The austenite layer formed in the
melted layer will be stabilized by C and retained at room
temperature. Figure 9 shows a typical TEM bright field image
of the austenite layer formed in a D2 steel sample treated by 25
pulses [34]. It is clearly seen that the austenite phase has a cell-
like structure with a cell size of about 100~200 nm. Besides,
some nanoscale carbides and precipitates are also visible at
the boundary or the triple junctions of the cells. Such kind
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of nanocell/grain structure was also observed in other steels,
Mg, Al alloys treated by pulsed electron beams [46-50]. The
presence of these metastable homogeneous layers with special
nanostructures formed by the LEHCPEB treatment at the top
surface accounts for the improved corrosion resistance of the
treated samples. The advantages of the LEHCPEB treatment
over other conventional surface treatment techniques lie
in (i) the formation of homogeneous surface layers having
nanostructures after a sufficient number of pulses [30-36];
(ii) the strong metallurgical binder between treated layers and
the substrate [25, 32-34]; and (iii) the thick modified layer
after the LEHCPEB treatment [25, 26, 36, 38]. Therefore, the
LEHCPEB technique is a promising approach in improving
the surface properties of metallic materials, especially their
corrosion resistance.

4. Summary

The modifications in microstructures and corrosion after
low energy high current pulsed electron beam (LEHCPEB)
surface treatment have been shown in the case of steels.
The results obtained here for the AISI 316L stainless steel
and AISI D2 steel clearly confirm the high potential of the
LEHCPEB technique for improving the corrosion resistance;
in particular if the number of pulses and/or the beam energy
is sufficiently high. The crater eruption-induced purification
effect and the formations of homogenized layer and nanos-
tructures are believed to be the main reasons accounting
for the improved corrosion resistance of steels after the
LEHCPEB treatment.
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