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Surface topography and elemental composition of craters formed on the surface of AISI 321 stainless steel after
processing with powerful pulsed flows of C"* and H' ions (accelerating voltage: 250 keV, pulse duration:
approximately 100 ns) are studied. Processing is performed using single-pulse fluences of 1 and 3 J/cm?, with the
number of pulses ranging from 1 to 50. It is determined that the average size of the craters increases and the

number of craters decreases with an increase in the number of impact pulses. The average size and number of
craters are not dependent on the degree of preliminary deformation of the samples. Based on the applied pro-
cessing parameters, it is established that titanium sulfide or titanium carbosulfide inclusions are the preferred
crater sites. Furthermore, the crater structure is examined through electron backscatter diffraction analysis. The
structure and phase composition of the craters formed on steel as a result of exposure to a pulsed ion beam do not
differ from the structural-phase state of the crater-free regions.

1. Introduction

Although processing with a high-power ion beam (HPIB) increases
the hardness, wear resistance, corrosion resistance, and fatigue life of
materials [1-3], many studies have demonstrated that this type of
exposure leads to the formation of unique surface defects, such as cra-
ters. This is detrimental because pores, holes, or microcracks can form in
the center of the crater, which in turn can function as stress concen-
trators and are potential sources of corrosion and locations for fatigue
crack formation [4]. To minimize the negative impact of craters, it is
critical to study the crater formation mechanism as well as the pecu-
liarities of their formation.

The craters formed after HPIB exposure on AISI 4260 steel [5],
copper [6], magnesium [7], and titanium and its alloys [8-10] have
been experimentally studied. Although many possible mechanisms for
crater formation have been proposed [11-13], they still are a subject of
discussion.

Fe-Cr-Ni austenitic stainless steels are the most common multi-
component construction materials used in engineering, chemical,

petrochemical, and nuclear industries [14]. These steels have good
mechanical, fabrication, and corrosion-resistance properties. In this
study, we examine the structural phase features of the craters formed on
the surface of AISI 321 austenitic stainless steel after HPIB exposure
through scanning electron microscopy and X-ray diffraction analysis.

2. Materials and methods

AISI 321 stainless steel containing 0.12% C, 18% Cr, 10% Ni, and
0.5% Ti (wt.%) was used for the experiments.

Before surface processing with a HPIB, the samples were mechani-
cally polished to a “mirror finish” on a LaboPol-20 machine (Struers).
Irradiation was performed with a TEMP accelerator, which involved the
flow of carbon ions (C™) ions and protons (H") with a singly-charged-
ion energy of 250 keV and pulse duration of approximately 100 ns [15].
Single-pulse fluences (F) of 1 and 3 J/cm? were applied and the number
of pulses was varied from 1 to 50.

The topography and elemental composition of the near-surface layer
of the samples were studied through scanning electron microscopy
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Fig. 1. Appearance of craters on the surface of AISI 321 steel after HPIB processing (F = 3 J/cm?, five pulses): a) without tilting the sample in the microscope column
and b) by tilting the sample in the microscope column by 70°. For ease of visualization, locations of some of the craters before and after tilting are indicated by the

numbers in white.
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Fig. 2. Dependence of the average size and number of craters on AISI 321 steel
on the number of HPIB pulses at F = 3 J/cm?.

(SEM) using an FEI Quanta 600 microscope equipped with an EDAX
energy-dispersion spectrometer (spectrometer resolution: 127.1 eV (Mn
Ky), element: Be) and an FEI Nova NanoSem 450 microscope. The sur-
face structure was investigated through electron backscatter diffraction
(EBSD) analysis, whereas the phase composition was investigated using
an ARL X'TRA diffractometer with Cu K, radiation in the Bragg-
Brentano focusing mode.

The thin foil, which was cut from the cross section of the crater by
ionic thinning of the crater material with a focused ion-beam on a FEI
Helios 660 scanning electron microscope, was examined using a Tecnai
G2 20F S-T (FEI) transmission electron microscope (TEM).
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3. Results and discussion

3.1. Surface topography

Typically, the resulting craters (Fig. 1) have central symmetry, but
their size, shape, and number (density per unit of irradiated surface)
vary significantly depending on the processing parameters, namely, the
energy density and number of pulses. The craters can be double or triple,
forming extended surface defects; they can be clearly or barely visible
and only detectable when the sample is tilted in the microscope column
(Fig. 1b). For a fluence (F) of 1 J/em? or 3 J/cm?, the average size of the
craters increases and their number decreases with an increase in the
number of pulses (Fig. 2).

For studying the effect of the initial phase composition of steel on the
crater formation process, a series of samples were deformed with vary-
ing degrees of reduction (25-75%) by cold rolling. The cold plastic-
deformation of the austenitic steel (y-Fe) resulted in refinement of the
grain structure and formation of o-Fe. The diffraction patterns of the
steel samples and the phase distribution maps of the deformed samples
before HPIB processing are depicted in Fig. 3. The phase composition of
the steel samples and HPIB irradiation parameters are given in Table 1.

Table 1
Phase composition of the steel samples and irradiation modes used in
experiment.

Cold reduction, % o-Fe content, % HPIB processing parameters

Fluece, J/cm? Number of pulses

25 16 1,3 1, 10, 50
50 40
75 81

[] Austenite

B Ferrite

Fig. 3. (a) Diffraction patterns and (b, c¢) phase distribution maps (before HPIB processing).
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Fig. 4. a) Dependence of the average crater size on the number of HPIB pulses and the initial a-Fe content of the samples at F = 1 J/em? (b, ¢) Elongated craters on

the surface of AISI 321 steel (cold reduction 50%) after HPIB processing (F = 1 J/em?, 1 impulse).
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Fig. 5. SEM micrograph and elemental composition of a) a particle in the center of a crater (F = 1 J/cm? N = 1 pulse) and b) along the cross section of the crater
(cold reduction 25%, F = 3 J/cmz, N =1 pulse). (c, d) images and (e) EDX maps of the elongated crater (cold reduction 50%, F = 3 J/cmz, N = 10 pulses).

Fig. 6. SEM micrographs of inclusions in AISI 321 steel before HPIB processing(a, b) and (c¢) EDX maps of the distribution of sulfur (S) and titanium (Ti) in the
inclusions shown in Fig. 6b. Some of the inclusions are indicated by the numbers in white, where 1 and 2 imply titanium carbides and titanium sulphides,

respectively.
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Fig. 7. a) Cross-section structure (TEM image) of the crater on AISI 321 steel (cold reduction 75%) after HPIB processing (F = 3 J/em?, 10 pulses). b) Oxygen content
from areas 1-3 in Fig. 7a and EDX spectrum from area 1. ¢) EDX maps of the distribution of elements in the surface layer.
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Fig. 9. Crater structure on AISI 321 steel after processing with one pulse of HPIB at F = 1 J/cm? (a) secondary electrons. Distribution maps of the (b) orientations

and (c) phases (the black dashed line marks the crater boundary).

Fig. 4 shows the dependence of the average size of the formed craters
on the initial phase composition of the target sample for a single-pulse
fluence of 1 J/cm?. The average size of the craters does not depend on
the degree of preliminary deformation of the sample and its phase
composition; however, craters that were elongated along the

preliminary deformation direction of the sample existed on the pre-
deformed sample surface along with single craters (Fig. 4b and c). Such
elongated craters have been previously observed on the surface of
deformed titanium alloys VT1-0 and VT6 after HPIB processing [10].
The average size of the craters decreases with a decrease in the fluence
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Fig. 10. a) Single crater formed on the surface of steel (cold reduction 75%) as a result of HPIB impact (F = 3 J/cm?, 10 pulse. The sample was tilted in the mi-
croscope column by 52°. The protective platinum layer is indicated by white arrows). b) Cross-sectional structure of the same crater. c) Surface structure of the area
without craters after HPIB exposure on steel (F = 3 J/cmz, 10 pulses) and (d) its cross-section.

(Figs. 2 and 4).

3.2. Elemental composition of the crater

Typically, after HPIB processing, nonmetallic inclusions were
detected in the center of craters on the surface of AISI 321 steel, which
are composed of titanium and sulfur as indicated by energy dispersive
analysis (Fig. 5). The inclusion in the center of the crater (Fig. 5a) has a
Ti to S ratio of nearly 2:1. Regardless of the initial or deformed state of
the steel and the processing parameters, the central region in all the
craters that were studied contained a nonmetallic inclusion composed of
titanium and sulfur (Fig. 5).

These nonmetallic inclusions were present in AISI 321 steel even
before HPIB surface processing. Using SEM, we detected the following
two types of inclusions in AISI 321 steel: titanium carbide or carboni-
tride particles (marker 1, Fig. 6) with sizes ranging from 2 to 5 pm, and
0.5-3 pm globular inclusions containing sulfur and titanium (marker 2,
Fig. 6). Based on experimental results, the presence of TiC and TiCN in
AISI 321 steel has been previously reported [16]. Additionally, the
formation of both sulfide (TiS) and carbon sulfide (Ti4C2S5) titanium is
possible in steel [17]. The formation of Ti,S in steel was experimentally
verified [18]; however, later studies concluded that the Ti4C2S2 phase
was erroneously identified [17,19].

Therefore, we believe that the Ti4C2S2 or TiS nonmetallic inclusions
in AISI 321 steel are the preferred sites for crater formation. If the in-
clusions are elongated lines, for example, as a result of preliminary
plastic deformation, elongated craters are formed after HPIB impact
(Fig. 4b and c). Generally, a crack forms in the inclusion situated in the

center of a crater or along the metal/inclusion interface. Except for the
central region, the elemental composition of the crater does not differ
from that of the studied steel. However, only an increased amount of
oxygen was detected in the near-surface layer of the crater (Fig. 7a and
b). Oxygen content in the surface-crystallized layer was about 9.2 at.%.
No oxygen was detected by the TEM method for depths below 3 pm from
the surface. Based on the TEM data, oxygen was uniformly distributed
and did not segregate at grain boundaries (Fig. 7c). Although the
pumping system in the TEMP accelerator provides a vacuum pressure
greater than 0.04 Pa, surface oxidation may occur during the irradiation
process. The source of oxygen and hydrogen ions can be gases (e.g.,
water vapor) adsorbed on the surface of an explosive-emission graphite
electrode. According to the data reported in the literature [20], the ions
of adsorbed gases are always present in the ion beam, and their content
does not exceed 10-15%.

According to previous studies, possible mechanisms for the creation
of a crater are (a) bombardment of the melted surface by the accelerator
elements (a technological factor) [12,13]; (b) formation of pores in the
surface layer of the sample due to casting [13]; and (c) instability in the
physical and chemical states of the irradiated surface [7,12,21-24],
including differences in phase and chemical composition, impurity dis-
tribution, and dislocation density of targets. Few other studies have also
suggested filamentation of the ion beam in the pulse [10] and formation
of a gas-plasma phase during the ablation of surface volatiles [12] as
possible mechanisms for the creation of craters. All of these suggestions
are still a matter of debate.

Craters induced by inclusion have often been mentioned in past
studies [21-24]. The experimental data of this study are in agreement
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Fig. 11. Images of the AISI 321 steel structure after (a) preliminary annealing (1050 °C, 1 h), (c) deformation (rolling at 400 °C), and (b, d) subsequent processing of

the surface with 10 HPIB pulses at F = 3 J/cm?

with previously published results [23,24]. For example [23], demon-
strated that during HPIB processing (250 kV, 80 A/cm?, 1.5 J/cm?, 120
ns), craters (primarily consisting of Mn and S) were formed around in-
clusions on the surface of high-speed tool steel. It was assumed that these
craters were formed as a result of the partial evaporation of a nonme-
tallic inclusion when the energy density of the HPIB exceeded a certain
threshold value, which corresponded to the ablation threshold value of
the inclusion material. In Ref. [24], it was reported that, instead of
vaporization of the inclusion on the target surface, inclusions exposed to
a vacuum environment can also generate craters during HPIB process-
ing. In such a scenario, the difference in surface tensions between the
molten inclusion and the molten matrix can drive the melt to flow,
generating a crater on the molten target surface. In addition, the for-
mation of microcraters on the surface was detected during the pro-
cessing of steels with a low-energy-high-current electron beam (LHEB).
Thus, for 304 L stainless steel [25], craters were formed mainly on the
MnS inclusions after LHEB processing. It was suggested [25] that the
craters were formed by the radial spreading of the melt from the local-
ization of the MnS inclusion under the action of the surface tension
gradient of the liquid melt caused by overheating of the inclusion.
According to proposed mechanisms of crater formation, a decrease in
the density of craters with an increase in the number of pulses is related
to the gradual dissolution of small and medium-size inclusions. Craters
formed around large inclusions are likely to be larger than those formed
around smaller inclusions. Therefore, an increase in the average size of

the craters is related both to the size of the inclusion and to the merging
of separate craters.

The titanium carbides or carbonitrides in AISI 321 steel are not crater
sites. This may be due to the difference in thermal properties of titanium
carbide and titanium sulfide. However, as a result of HPIB impact, cracks
can form at the particle/metal interface or the inclusions can be
destroyed (Fig. 8). Formation of cracks can therefore also be associated
with the thermal stresses arising during rapid cooling (10°-10'° K/s) of
the heated surface.

3.3. Crater structure

EBSD analysis of the crater area on the steel surface was performed
after impacting it with an 1 J/cm? fluence HPIB pulse (see Fig. 9, the
crater area is highlighted by a black dashed line). It should be noted that
the structure and phase composition of the entire crater surface do not
differ from those of the nearby surface regions outside the crater
boundaries. Similar results were observed when the steel surface was
irradiated by HPIB with a fluence of 3 J/cm?, both for single-pulse and
multipulse processing.

Examination of the structure of a single crater through transmission
electron microscopy revealed that in the near-surface layer of the crater
(Fig. 10a), the crystallites elongated toward the surface with a large
coefficient of grain nonuniformity (Fig. 10b). However, additional
studies of the cross-section of the sample showed similar crystallites in
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the near-surface layers of the regions that were without craters (Fig. 10c
and d).

The obtained results indicate that the structure-forming processes in
the crater and the areas without craters occur simultaneously after HPIB
impact. These data do not contradict the mechanism proposed in a
previous study [13], according to which the surface layer and inclusions
(sulfides) melt due to HPIB impact and the resulting crater is caused by
melt flow due to the difference in the surface tension coefficients of the
matrix and inclusions. Moreover, the preliminary results indicate that
the formation of the structure on the surface layer of AISI 321 steel after
exposure to HPIB is significantly influenced not only by the processing
parameters of the HPIB but also by the initial structure of the material
being processed. Fig. 10 displays images of the structure of the steel
samples preliminarily subjected to various types of thermomechanical
processing followed by HPIB processing with the same irradiation pa-
rameters (F=3J /cmz, 10 pulses). According to Ref. [24], the formation
of craters indicates melting of the surface layer. However, as shown in
Fig. 11, the final structures after HPIB irradiation of the annealed
(Fig. 11a and b) and plastically deformed (Fig. 11c and d) samples are
significantly different, which cannot be explained by the processes of
melting and subsequent ultrafast crystallization alone. The features of
the formed structure indicate that one of the structure-forming processes
in the near-surface layers after the HPIB impact is recrystallization and
the migration of the high-angle grain boundaries. As a result of HPIB
impact, £3 twin boundaries, which are commonly observed in austenitic
steel, were almost absent. Moreover, after the HPIB processing of the
steel in the initial state (without plastic deformation), curved high-angle
grain boundaries, possibly due to their migration, could be observed
(Fig. 11b). For the plastically deformed sample, characterized by a high
proportion of low-angle grain boundaries and elongated grains along the
rolling direction (Fig. 11c), HPIB impact leads to the formation of a
predominantly equiaxed fine-grained structure in the near-surface
layers (Fig. 11d)).

4. Conclusions

1. Irradiation of austenitic stainless steel with HPIB leads to the for-
mation of craters mainly around nonmetallic inclusions (titanium
sulfides or carbosulfides).

2. With an increase in the number of impact impulses, the number of
craters decreases and their average size increases.

3. The number of craters formed on AISI 321 steel and their average
size are not dependent on the austenite/ferrite phase ratio before
surface processing.

4. The structure and phase composition of the crater surface and those
of the nearby surface regions outside the crater boundaries are the
same.
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