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Surface cleaning, a crucial pretreatment for coating pro-
cesses, is routinely used to remove impurities, rust, and
mill scale from steel surfaces that inadvertently affect
coating adhesion. Traditional surface cleaning techniques
such as acid pickling or blasting, suffer from serious
environmental problems. Besides these concerns, acid
pickling can introduce hydrogen into the material during
cleaning, causing premature failure in high-strength steels
via hydrogen embrittlement (HE).

Electrolytic plasma processing (EPP) is a newly devel-
oped environmentally friendly technique for deep and large
scale metal surface cleaning and coating with high effi-
ciency, simplicity, and high process flexibility [1-3]. In this
process, an electrical potential is applied between the
workpiece (cathode) and a counter electrode (anode) in the
presence of an aqueous electrolyte. Above a critical volt-
age, electrolysis takes place followed by fine hydrogen
bubble formation and continuous arcing plasma generation
over the entire workpiece surface. High temperatures from
the plasma result in localized melting followed by freezing
(quenching) at the workpiece surface. Meanwhile, the
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gaseous vapor plasma can effectively reduce oxide layers
and decompose organic hydrocarbon materials present on
the workpiece surface. EPP has been shown to be effective
in removing surface oxide layers of mill-scale produced by
the hot-rolling mill as well as organic materials [3].

Two critical issues relating to applicability of EPP are
the effects of the repeated localized melting/quenching
cycles on the stress state at the surface and the possibility
of hydrogen intake from the generated plasma. Both of
these issues are of considerable concern since they can
induce HE leading to catastrophic failure of treated high-
strength steels.

In the present study, EPP cleaning was conducted on
high strength AISI 4340 steel coupons of 24 mm diameter
and 1.5 mm thickness. Power density applied to the work
piece during processing was ~77.43 W/cm?. An aqueous
electrolyte was used at a temperature of 70 °C. The treat-
ment time was 15 s. All processing was conducted at CAP
Technologies (Baton Rouge, Louisiana).

High resolution scanning electron microscopy (SEM) on
cross sections of treated 4340 steel specimens was con-
ducted to observe the produced microstructure. Before
observation, the specimens were mounted in epoxy, then
ground and polished, followed by etching with 2.5% nital
reagent. The phase structure, grain size, and internal stress
of EPP-treated steel specimens were studied by X-ray
diffraction (XRD) using a Siemens D-500 X-ray diffrac-
tometer with a CuK, radiation source. The accelerating
voltage and filament current were 40 kV and 30 mA,
respectively.

Figure 1 presents a typical cross-sectional SEM image
of etched, EPP-treated 4340 steel specimen. A surface
layer with a different microstructure of about 2 pm thick-
ness can be clearly distinguished from the bulk. Typical
martensite needles with a length of 0.5-10 pum and width of
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Fig. 1 Typical cross-sectional SEM image of EPC-treated 4340 steel

200-500 nm are present in the bulk. However, the surface
layer is composed of a fine grain structure (determined to
be nanocrystalline o-Fe as is discussed below). After
careful inspection, it was found that the surface layer
comprises of two layers: top layer and subsurface layer.
The top layer is featureless and amorphous-like, indicating
amorphous or nanocrystalline structure. The subsurface
layer consists of a fine-grained (about 150 nm) structure.
The thickness of the top layer and subsurface layer was
about 200-500 nm and 0.5-2 pm, respectively.

The change in the microstructure of the EPP-treated steel
by moving away from surface can be understood on the
basis of the treatment process. Klapkiv [4] has shown that
the temperature inside the electrolytic plasma could rise to
6-7 x 10° K in a millisecond. Subsequently, the workpiece
can quench the small molten volume at the surface at a
cooling rate of ~ 10’ K/s. This rapid solidification of the
small molten volume corresponds to the formation of a non-
equilibrium amorphous or nanocrystalline structure. Using
high resolution transmission electron microscopy (TEM),
we have observed previously the formation of 10 nm grains
at the outer surface layer in EPP-treated carbon steel [1].
Actually, the formation of non-equilibrium phases has also
been observed in oxide coatings prepared by similar electro
plasma processes [5]. Thus, the temperature gradient along
the cross section can account for the variation of the grain
size in the produced surface layer.

To identify the structure changes in the surface layer
produced by the EPP treatment, XRD measurements were
conducted in the 20 range of 20-120° with a 0-20 scan.
XRD patterns show that after the EPP treatment, the crystal
structure in the surface layer is mainly composed of BCC
o-Fe together with a small amount of martensite, cementite,
and retained austenite. As the penetration depth of X-rays
with Cu K, radiation in steel at a glancing angle of 22.5° is
only 2 um [6], the XRD pattern for the EPP-treated steel
mostly originates from surface layer.

In order to study the phase structure at different depths,
the glancing angle XRD technique was utilized. In this
case, the penetration depth of X-ray diminishes with
decreasing the angle of incidence. During the measure-
ments, the incidence angle was fixed while the 20 angle
changed from 42 to 47°. It is interesting to see that the
(110) diffraction peak becomes broader and shifts to a
lower diffraction angle with reducing the glancing angle.
Figure 2a presents the peak center position and full width
at half maximum (FWHM) of the (110) peak as a function
of the glancing angle. With reducing the glancing angle,
the (110) peak center position decreases linearly while its
FWHM increases linearly with reducing glancing angle
down to 1° followed by a rapid increase. The grain size, d,
at different glancing angle was computed using the Scherer
equation: [6]

092

~ Bcos0

where B is the FWHM of the diffraction peak, and 0 is half
of the diffraction angle. Meanwhile, the penetration depth
(Dy) of X-rays at different glancing angle () can be cal-
culated by the expression: Dy = 2sin(a)/ sin(22.5).

The grain size at different depth is plotted in Fig. 2b.
Two distinct regions are shown: a top layer and subsurface
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layer. In the top layer (about 200 nm thick), the grain size
is fairly small, but it increases rapidly with increasing
depth. In the subsurface region, the grain size increases
slowly, but monotonically with increasing depth. This is
consistent with the SEM observations. It should be noted
that the grain size calculated from the FWHM of the XRD
peaks measured at higher glancing angles should be larger
than the value shown in Fig. 2 because both the surface
region and sub-surface region contribute to the XRD pat-
tern. Cross-sectional TEM is necessary to obtain detailed
information on the change of grain size as a function of
depth. As discussed above, the ultra-small grain size in the
surface region results from the rapid freezing of the local
melting produced by the process. Furthermore, the gradual
change of the grain size is attributed to the pertaining
temperature gradient.

Interplanar spacing was obtained from the positions of
the diffraction peaks using Bragg’s law. The interplanar
distance and grain size at different distance from the sur-
face were calculated and plotted in Fig. 2b. The dotted line
in the graph is the interplanar distance of o-Fe obtained
from PDF standard files. It can be seen that the interplanar
distance decreases linearly with increasing distance from
surface. Zhang et al. [7] proposed that the stress, o, in films
can be obtained using glancing angle X-ray diffraction by

E
o= ——Al
v

where Al = (I —Iy)/ly; E and v are the Young’s modulus
and Poisson’s ratio, respectively; [, is the distance of the
unstressed hkl plane, [ represents the distance of the
stressed hkl plane in the direction normal to the sample
surface, which is defined as: [ = md(’%, where d; is the
d-spacing of the diffracted hkl plane and o is the X-ray
incidence angle. It can be seen from this equation that the
larger interplanar spacing in the near surface region indi-
cates the presence of a higher compressive stress, and the
decrease of interplanar spacing implies a reduction of
compressive stresses with depth. However, it is difficult to
calculate the internal stress at different depth since it is
hard to determine the value of /.

In order to investigate the existence of a compressive
stress and obtain qualitative information about the internal
stress in the EPP-treated surface layer, the standard dj,.(y/)
versus sinz(x//) method was used. The (310) ferrite reflec-
tion was used for the stress measurements due to its high
diffraction angle (about 116.4°) and relatively high inten-
sity. During measurement, the specimen surface was tilted
0-30° (¢ angle) and a 6-26 scan was conducted in the 20
range of 110-120°. The calculated (dy,—do)/dy vs. sinz(tp)
is plotted in Fig. 3. As shown, the (d,—dy)/dy decreases
linearly with increasing sin*(y), indicating a compressive
stress. For cubic structures, the stress (¢) in a thin layer in a
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Fig. 3 (dy-dy)/dy vs. sin2(1//) plot for the (310) ferrite reflection

state of equi-biaxial stress could be computed according to
the sin’(y) method by the following equation [8]

d —d 1 2
(V) —do S v

do H(W)—f7

where d is the stress-free lattice parameter, dj () is the
lattice spacing measured with the surface tilted at i angle,
v and E are the Poisson’s ratio and elastic modulus, which
are 0.29 and 200 GPa, respectively for 4340 steel [9]. The
internal stress in the surface layer can be calculated from
this equation after obtaining the slope of the (dy,—dy)/d, vs.
sin’(f) plot. The internal stress is calculated to be
—1.8 GPa. The negative sign indicates that the stress in the
surface layer is compressive. Such high compressive stress
at the surface layer is expected to be beneficial to resist
crack initiation that may be produced by fatigue or stress
environment interaction phenomena (HE, stress corrosion
cracking, etc.).

The compressive stress maybe a consequence of the
collapsing of hydrogen bubbles formed during EPP treat-
ment, which produces a low-frequency shock wave on the
steel surface. The shock wave could generate a compres-
sive stress in the surface layer. It is expected that the
amplitude of the shock wave diminishes with increasing
distance from steel surface, corresponding to a decrease in
internal stress. In addition, during EPP treatment, the
voltage is applied to a thin near-electrode plasma region
generating a high electric field between 10° and 10® V/m?.
The high electric field in the plasma accelerates the anions
providing kinetic energy. The bombardment of the surface
layer by the energetic ions could also contribute to the
observed internal compressive stress. This phenomenon
has been widely observed in thin film physical vapor
deposition involving ion bombardment [10].

The hydrogen content at the surface region of untreated
and EPP-treated 4340 steel was measured using the nuclear
reaction analysis (NRA) method. Both specimens exhibit a
higher H content at the outer surface, Fig. 4, which is an
effect caused by humidity and is typically observed in
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Fig. 4 Depth profile of hydrogen content in untreated and EPP-
cleaned 4340 steel

many materials. Compared to the untreated specimen, the
H profile of the EPP-treated specimen exhibited a thin layer
of about 200 nm with a slightly higher H content
(~0.5 at.%). Beyond that depth, the profiles of untreated
and EPP-treated specimens are merely identical. This
indicates that only an extremely small amount of H may be
trapped in the EPP-treated 4340 steel and is located at the
outermost surface region.

HE is a crucial performance characteristic for high-
strength steels. In order to investigate the HE susceptibility
of the EPP-treated steel, standard HE testing (ASTM-F-
519) was conducted. First, untreated C-ring specimens
were overloaded mechanically to establish the Notched
Fracture Strength (NFS) of the 4340 steel. Then, EPP-
treated C-ring specimens were loaded at 75% of the NFS
for 200 h (hydrogen sensitivity criterion). All specimens
endured the 200 h minimum duration without fracture. In
fact, the specimens remained under load for an additional

period of 4 months without fracture clearly showing that
EPP cleaning does not induce HE susceptibility.

In summary, after treatment with EPP, a surface nano-
crystalline layer with a thickness of about 2 pm formed on
the 4340 steel surface. The grain size increases with
increasing depth. Furthermore, a compressive internal
stress exists in the surface layer with higher internal
stresses closer to the surface. A small amount of hydrogen
was determined by NRA in a shallow depth (200 nm) from
the surface. Hydrogen embrittlement testing of EPP-treated
4340 steel showed no susceptibility indicating that EPP can
be a suitable technique for cleaning of high-strength steels.
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