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H I G H L I G H T S

• Surface textures of austenite steel were produced by femtosecond laser.• One-dimensional nanograting and microrelief of various roughness have been received.• Ferrite (α-Fe) in the near-surface layers was formed in spallation regime.• Phases α-Fe, Fe3O4, γ-Fe2O3 in the near-surface layers were formed in the phase explosion regimes.• Heat-affected zone was observed in the high-fluence mode for phase explosion regime.
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A B S T R A C T

Topography, structure, and phase composition of surface layers of AISI 321 stainless steel textured by 1030-nm
320-fs-laser pulses were studied by scanning electron microscopy and X-ray diffraction analysis. Variation in
single-pulse fluence and the number of pulses was found to change the laser-produced surface texture from one-
dimensional quasi-periodic nanograting to microrelief of various roughness. It was shown that the nanograting
formed in the spallation regime contained austenite, just as a non-irradiated steel surface, and ferrite. The
redeposited oxide layers on the grating surface produced in the phase explosion regime with a thickness in-
creasing versus single-pulse fluence were found to consist of austenite, ferrite, and Fe3O4. In case of high-fluence
mode, the two-layer microporous oxide coating, consisting of Fe3O4 and Fe2O3 in addition to conventional
phases, was detected. SEM studies showed that the submicrocrystalline structure of nano- and microsized ridges
was preserved, except for the high-fluence mode.

1. Introduction

Laser-induced textures—from a subwavelength- [1–3] or wave-
length-scale [4,5] periodic relief to a developed quasi-periodic micro-
relief of varied roughness [6]—can be formed on the material surface
under the action of femtosecond (fs) laser pulses. The relief produced by
fs laser ablation was found to show unique properties, such as super-
hydrophilicity [7] or superhydrophobicity [8–10], as well as almost
100% optical absorbance [11,12]. Main features of relief formation on
stainless steel surface, which changes its wetting properties, were ex-
tensively studied in [1,8,9,13–20]. Peening of stainless steel due to

shock loading induced by fs laser ablation was investigated in [21,22].
However, structural and phase transformations in near-surface layers of
such stainless austenitic steel exposed by fs-laser pulses have not been
studied sufficiently. In this work, we aimed to fill this gap for the case of
AISI 321 austenitic stainless steel.

2. Experimental

In our experiments, submicrocrystalline AISI 321 stainless steel
(Fe–0.12C–18Cr–10Ni–0.5Ti) was used. This material was prepared in
the form of rectangular slabs, whose surfaces were mechanically
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polished, using a rotary polishing machine LaboPol-5 (Struers).
The samples were arranged on a PC-controlled three-dimensional

motorized translation stage and scanned in a number of parallel lines by
1030-nm 320-fs Yb-fiber pulses, coming at a rate f = 250 kHz with the
maximal energy of 10 μJ in the TEM00 mode. Fs-laser radiation para-
meters—laser spot (1/e diameter) σ, pulse energy E, impulse frequency
f, single-pulse fluence F0, and number of pulses N— are given in
Table 1.

The structure of the laser-affected surface was studied by a Zeiss
Ultra plus scanning electron microscope (SEM) and a FEI Quanta 600
SEM, equipped by an energy dispersive spectrometer (EDX) (resolution
− 0.2–0.25%). The surface topography was characterized by a Ntegra
Aura atomic force microscope. X-ray diffraction (XRD) analysis was
performed, using an ARL X’TRA X-ray diffractometer with CuKα ra-
diation in the Bragg–Brentano focusing and sliding regimes.

3. Results and discussion

Surface topography. Ablation threshold fluence (Fth) for surface of
metallic materials irradiated by ultrashort laser pulses is a key para-
meter that defines the features of resulting relief [23]. In case of fs-laser
pulses, two possible ablation mechanisms—spallation and phase ex-
plosion (laser explosive boiling [24])—have been suggested. For a
single fs pulse and stainless steel [19], the thresholds for spallation

ablation Fspal and ablation of phase explosion Fphe were found to have
the values of ≈ 0.29 J/cm2 and 0.55 J/cm2, respectively. The single-
pulse fluences F0 presented in Table 1 for modes 1 and 2 are smaller
than Fspal, whereas for modes 3 and 4 are seen to exceed Fphe.

It is also known that laser irradiation by a train of N pulses can
reduce the ablation threshold due to the so-called cumulative effect, i.e.
decrease Fth with increasing N. For metals, it has been proposed that
such effect is due to the accumulation of plastic deformation, resulting
from laser induced thermal stress fields [25]. Accumulation behaviour
on ablation threshold was demonstrated for ns [26], ps [26] and fs [27]
pulse duration. The expression for Fth(N) can be written in the form
[25]:

=F (N) F (1)Nth th
S 1 (1)

where S is the cumulative parameter equal to 0.86 for stainless steel
[24].

For mode 1 (F0 ≈ 0.21 J/cm2 and N = 12, see Table 1), the laser-
affected steel surface represents a one-dimensional quasi-periodic
structure (nanograting), consisting of ridges with a width of about
30–60 nm and spherical nanoparticles with their size between 15 and
160 nm (Fig. 1a–1c). The ridges are parallel to the direction of laser
polarization. The period of the subwavelength structure is about
300 nm. As a rule, such a nanograting is formed at relatively low flu-
ences (≤Fspal). In this mode, Fspal at N = 12, as derived from Eq. (1), is
equal to the F0 value used in the experiment. Our relief is similar to that
simulated in [28] in terms of spallation ablation mechanism applied to
Cr single crystals.

At N = 3800 (mode 2), Fphe calculated using Eq. (1), is about
0.17 J/cm2. Thus, the phase explosion can occur for N ≥ 3000. In this
mode, the microgratings are oriented along the direction of beam scan
(Fig. 1d, 1f). The ridge heights are about 5 µm. On the microridge
surface, there are submicron particles and their agglomerates (Fig. 1e)
that are probably oxidized ablation products. The oxygen content in the

Table 1
Irradiation modes 1–4 used in experiment.

σ, μm E, μJ f, kHz F0, J/cm2 N

1 35 2 1 0.21 12
2 2 250 0.21 3800
3 6 250 0.63 3800
4 15 6 250 3.4 600

Fig. 1. (a, b, d, e, g, h) Top-view topography of surface and (c, f, i) cross sectional SEM view of samples of AISI 321 steel affected by fs laser pulses: (a–c) F0 = 0.21 J/
cm2 and N = 12; (d–f) F0 = 0.21 J/cm2 and N = 3800; and (g–i) F0 = 0.63 J/cm2 and N = 3800.
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surface layer is ~ 15–20 wt%.
The 25-μm wide and 20-μm tall microridges are formed on the steel

surface at F0 ≈ 0.63 J/cm2 and N = 3800 (mode 3, cf. Table 1 and
Fig. 1g–1i). Unlike mode 2, the quasi-periodic structure is partially
retained on the ridge surface (Fig. 1h). The oxygen content of the near-
surface layer changes from 20 wt% at the ridge periphery to 34 wt% in
its central region. In this mode, the phase explosion starts from the first
pulse.

SEM studies of the steel surface, which was affected by the fs-laser
in high-fluence mode 4 (F0 ≈ 3.4 J/cm2 exceeds the Fphe at N = 1 by
sixfold) for N= 600, show uniform oxide layer (Fig. 2a, 2b), containing
about 12 wt% oxygen. Because of poor adhesion, it is completely re-
moved upon ultrasonic cleaning. Under this upper oxide layer, there is

an underlying deeper oxide layer typical of the fs-laser-affected surface
structure (Fig. 2c, 2d). The underlying oxide layer is seen in Fig. 2e to
contain micropores.

Phase Composition of Near-Surface Layers. Fig. 3 shows the XRD
patterns of steel surface. The steel surface obtained in mode 1 is seen
(Fig. 3b) to consist of an austenitic γ-Fe (fcc) phase just as the non-
irradiated sample (Fig. 3a) and α-Fe (bcc) ferrite. The appearance of
ferrite can be caused by local heating and hence by austenite (γ) →
ferrite (α) partial phase transformation in fine near-surface layer. In the
case of mode 2, peaks of austenite and magnetite (mixed oxide Fe3O4)
are observed. Fig. 3d shows that both ferrite and magnetite are present
in the XRD pattern for surface modified in mode 3. The equilibrium
phase diagrams of Fe-Cr-Ni-C and Fe-O systems are shown in Fig. 4.

Fig. 2. Fs-laser affected topography of surface of AISI 321 steel pulses in mode 4: (a, b) surface upper layer; (c, d) subsurface (underlying) layer; and (e) cross section
of subsurface layer.

Fig 3. XRD patterns of steel (a) in the initial state and (b–d) after fs-laser radiation: (b) F0 = 0.21 J/cm2, N = 12; (b) F0 = 0.21 J/cm2, N = 3800; and (c)
F0 = 0.63 J/cm2, N = 3800.
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The XRD pattern of the steel surface irradiated in mode 4 is seen
(Fig. 5a) to have peaks, belonging to γ-Fe2O3 (maghemite). However,
since γ-Fe2O3 is isostructural to Fe3O4 (magnetite) [29], therefore, it is
almost impossible to identify the Fe3O4 phase relative to γ-Fe2O3 by
XRD analysis. Since the oxide upper layer is brown–red color, we as-
sume that γ-Fe2O3 is its major phase; in addition, there are peaks of γ-Fe
and α-Fe. This upper layer was easily removed by ultrasonic cleaning.
The underlying black-color oxide layer contains magnetite Fe3O4, aus-
tenite, and ferrite (Fig. 5b).

The oxides are seen (Fig. 6a, 6b) to grow normally to microridge
surface, yielding columnar structures. In the case of mode 1, no oxide
layer is detected. The oxide layer thickness is about 300–500 nm for
mode 2 and increases by one order of magnitude in case of mode 3

(Fig. 6a, 6b). As the oxide layer grows, its structure becomes micro-
porous. The depth of microporous oxide layer formed in high-fluence
mode 4 is up to 80 μm (Fig. 6c–6e).

Structure of near-surface layers. In the initial state, the steel has a
submicrocrystalline (SMC) structure with a mean grain size about
200 nm (Fig. 7a). The SMC structure remains unchanged under fs laser
pulses at F0 ≈ 0.21 J/cm2 and F0 ≈ 0.63 J/cm2. Fig. 7b and 7c show no
heat-affected zone (HAZ).

The irradiation in mode 4 changes the near-surface layer structure.
In the bulk of the microridges (see Fig. 8a) there are (a) equiaxial SMC
grains; (b) columnar crystallites oriented normally to the lateral surface
(see Fig. 8b); and (c) ultrafine grains of irregular shape (Fig. 8c). Na-
noparticles are seen (Fig. 8d) to precipitate along the boundaries of

Fig. 4. Phase diagrams: a) austenitic stainless steel type 18–8 with carbon as a variable; b) Fe-O.

Fig. 5. XRD patterns of steel surface textured at F0 = 3.4 J/cm2 and N = 600: (a) upper surface layer and (b) underlying deeper layer.
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elongated crystallites.
It is assumed that the depth of thermal diffusion into metallic ma-

terials is very small (~10–100 nm) because of short pulse duration. So
that the size of HAZ is also insignificant. Only a few experimental works
have been focused on the process of HAZ formation but the fluence (F)
is high. HAZ was found to have a depth of 1.5–2 μm in aluminum
[30,31] and 0.5–3.5 μm in copper [32]. High-temperature copper-based
alloy [33] showed no HAZ under the action of fs pulses at F0 varying
from 1 to 200 values of Fth for this material. In our work, the HAZ
appears in the near-surface layer of the AISI 321 steel irradiated in
mode 4. Such a structure makes it possible to suggest the occurring of
the processes of melting, ultrafast crystallization, and recrystallization.

4. Conclusions

Scanning-mode femtosecond laser irradiation of AISI 321 austenitic
stainless steel surface in the spallation regime yields a nanograting
decorated by nanoparticles with a 300-nm period and sub-
microcrystalline (SMC) structure. In the phase explosion regimes, the
SMC structure remains unchanged. In this case, the surface asperities (5

and 20 µm high) covered with nano- and microporous oxide layers are
formed. The phase explosion at higher fluences leads to formation of
the microrelief of various roughness with different structural con-
stituents in the bulk of the ridges: (a) equiaxial SMC grains; (b) co-
lumnar crystallites; and (c) ultrafine grains of irregular shape. In ad-
dition to upper oxide layer, containing γ-Fe2O3 as a basis with minor
additions of γ-Fe and α-Fe, the presence of an underlying layer of 80-µm
porous oxide (Fe3O4 instead of γ-Fe2O3) is observed. The heat-affected
zone is observed only in the near-surface layer of the AISI 321 steel
irradiated in the high-fluence mode.
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Fig. 6. Structure of cross section of steel samples affected by fs-laser pulses in (a, b) mode 3 and (c–e) mode 4.

Fig. 7. Cross-sectional view of structure in near-surface layers (a) in the initial state and after fs laser radiation in (b) mode 2 and (c) mode 3.
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