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Abstract: Ferritic 16Cr3Al ODS steel, with and without the addition of hafnium, was exposed to 

high-intensity laser radiation of the order of 10
13

 W/cm
2
. Irradiation was conducted in the 

environments of helium and vacuum and the obtained surface effects were observed in the sense of 

morphology and chemical changes. This class of steels is being developed primarily for structural 

applications in nuclear reactors, which is why their behavior under harsh conditions, including high 

power densities, is of utmost importance. The obtained results show mostly superficial changes even 

at a high number of pulses, which points toward the successful implementation of these materials in a 

number of applications involving severe work conditions. 
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1. Introduction 

 

Various oxide dispersion-strengthened (ODS) alloys are being developed in laboratories 

worldwide with the aim of withstanding high temperatures while retaining excellent mechanical 

properties. These materials are comprised of a metal matrix reinforced with nanosized oxide particles, 

usually rare earth metal oxides (such as Y2O3). ODS alloys are generally produced via powder 

metallurgy technique [1,2], however novel procedures are increasingly studied - selective laser 

melting [3], cold spray [4], arc plasma sintering [5]. The aim is to obtain uniformly distributed, non-

agglomerated oxide particles. ODS steels, particularly, possess high irradiation and oxidation 

resistance and are mainly developed as structural materials for nuclear applications, in generation IV 

fission reactors (fuel cladding), as well as for future fusion reactors [6,7]. It is envisaged that they will 

be used in other areas, for example in aerospace engineering. Most of the research is based on ferritic 

types of steels [1,2,5,6], such as the one used in this work. Al in 16Cr3Al ODS steel contributes to 

corrosion resistance, however, it also leads to the formation of coarser oxide particles. This is why 

IVB group elements (here hafnium) are added, promoting finer-grained structure of the base material, 

formation of smaller reinforcing Y-Hf-O particles, and improving corrosion behavior. 

The aim of this study was: to analyze surface effects induced on 16Cr3Al ODS steel with and 

without Hf by high-intensity laser pulses at ~10
13

 W/cm
2
 in controlled ambiances of helium and 

vacuum. In the main, the behavior of the material under high laser intensity, in this case 10
13

 W/cm
2
, 

is still insufficiently known so in this context these investigations are vital. Also, it should be 

mentioned that studies employing pulsed laser radiation, particularly ultrashort pulses on these types 

of steel are scarce in literature [8-10] and the results are expected to be useful for further development 

of these materials. 
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2. Experimental 

 

ODS steel samples used in experiments, synthesized using the standard powder metallurgy 

method (mechanical alloying followed by hot isostatic pressing, HIP), had the following 

compositions: (i) Fe-16Cr-3Al-1.5W-0.35Y2O3 (wt%), and (ii) Fe-16Cr-3Al-1.5W-0.35Y2O3-0.5Hf 

(wt%). Details on material preparation and experimental setup with Ti: sapphire femtosecond laser are 

given in [9,10]. The laser, emitting at the wavelength of 804 nm, was working in fundamental mode 

and the energy of pulses (65 fs long) in this work was kept constant at 0.25 mJ. A laser beam was 

focused to ~20 µm and samples were irradiated slightly in front of the focal plane. Irradiation was 

done in helium (1013 mbar) and vacuum (10
-4

 mbar), and the surface was analyzed using a scanning 

electron microscope (SEM) with an energy-dispersive X-ray analyzer (EDX), and optical 

profilometer. 

 

3. Results and Discussion 

 

3.1. Irradiation of ferritic ODS steel 

 

Irradiation of ferritic ODS steel in helium 

 

Effects occurring on the surface of ODS steel after the action of 1, 10, and 100 femtosecond 

pulses with energy Ep = 0.25 mJ (energy density 2.4 J/cm
2
, intensity 3.6×10

13
 W/cm

2
) in helium are 

presented in Figure 1. Figure shows SEM images of the obtained damages, as well as locations of 

EDX chemical analysis and 2D profilometric view of the damage after 100 delivered pulses. 

After one laser pulse damage is barely visible (Figure 1A), while after 10 pulses damage is more 

prominent (Figure 1B1). In the central part subwavelength laser-induced periodic surface structures 

(LIPSS) can be detected, also termed ripples, i.e. LIPSS with the periodicity of the order of laser 

wavelength or lower, can be detected (B2). These ripples are the so-called low spatial frequency 

LIPSS (LSFL) with periodicity between λ/2 and λ (~600 nm in this case). They are seen more clearly 

on the periphery of the spot (B3). After 100 accumulated pulses there is visible melting, and grooves 

(LIPSS with periodicity over λ, here ~3 µm) can be seen in the center, as well as LSFL aligned 90° to 

grooves which are always parallel to light polarization (linear vertical in the present study). 

Profilometric analysis confirms superficial damage, with a depth of around 2 µm and numerous 

protrusions of up to 3.5 and even 5 μm. 

The process of laser interaction with metal material starts with the absorption of incoming 

radiation by free electrons during several tens of femtoseconds. After the thermalization of the 

electron subsystem, energy is transferred to the lattice (scale of several hundred fs to several ps). 

Finally, ablation of the material occurs on a time scale of tens of picoseconds after termination of the 

laser pulse. 

Laser irradiation at high intensities, such as the ones used here, causes the formation of high-

temperature plasma above the material. However, unlike in the case of longer laser pulses in the 

nanosecond or picosecond range, the plasma shielding effect, i.e. loss of some of the incoming 

radiation due to plasma absorption, is absent or negligible here. The reason for this is that ultrashort 

femtosecond laser pulse ends before the plasma occurs so most of the laser energy is delivered to the 

surface. It should be emphasized that this subsequently generated plasma, according to some studies 

[11], can have effects on the target surface. 

Particularly, the interaction of laser radiation with metals in the helium atmosphere is scarcely 

studied. Based on earlier research, this interaction has certain advantages - damage is more defined, 

depth of the damage, as a rule, is higher than in air. 
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Figure 1. SEM analysis of ferritic ODS steel surface after irradiation in He with 1 (A), 10 (B), and 

100 (C) fs laser pulses at ~10
13

 W/cm
2
. EDX locations and profilometric analysis after 100 

accumulated pulses. 

 

The results of the EDX analysis are given in Table 1. 

 
Table 1. EDX elemental analysis of ferritic ODS steel after irradiation in He with 100 fs laser pulses. 

Spectrum O Al Cr Fe Y W 

Non-irradiated 1.5 1.7 16.6 75.4 1.0 3.8 

Spectrum 1 (center) 0.8 2.1 16.4 76.4 1.0 3.3 

Spectrum 2 (periphery) 25.2 1.2 13.9 52.5 2.5 4.7 

Spectrum 3 (periphery) 11.3 1.4 15.2 68.4 0.6 3.1 

  *
 Values are given in wt%. 

 

Chemical analysis revealed the presence of all elements contained in the 16Cr3Al steel, and their 

concentrations vary depending on the location of the analysis. The central part of the damage shows 
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no significant changes, while only in characteristic locations, there is a more prominent increase in 

oxygen content, followed by a decrease of Cr and Fe. The possible explanation could involve the 

decomposition of internal oxides due to high laser intensity, followed by the formation of new oxides 

of the constituting elements (e.g. Fe, Cr).   

 

Irradiation of ferritic ODS steel in vacuum 

 

Figure 2 shows the ODS steel surface after fs laser irradiation in vacuum ambiance at Ep = 0.25 

mJ (energy density 2.1 J/cm
2
, intensity 3.2·10

13
 W/cm

2
). 

 

 
 

Figure 2. SEM analysis of ferritic ODS steel surface after irradiation in a vacuum with 1 (A), 10 (B), 

and 100 (C) fs laser pulses at ~10
13

 W/cm
2
. EDX locations and profilometric analysis after 100 

accumulated pulses. 
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One pulse has caused mild, but more visible damage compared to helium atmosphere (Figure 

2A). Effects after 10 pulses have similar nature to those in He (2B). A hundred pulses cause more 

intensive melting in the spot center compared to He, with a coral-like structure formed as a result of 

disturbed grooves. LSFL structures are present in the central and peripheral zone. Profilometric 

analysis shows irregular damage form with a depth of ~3.5 to 5 µm. 

EDX elemental analysis results after the action of 100 pulses are provided in Table 2. Changes in 

the central zone are insignificant, except in characteristic locations (dark areas, Spectrum 1) where 

oxygen content is increased with the lowering of Cr and Fe, similar as in helium. Composition in the 

peripheral (LIPSS) zone is close to the non-irradiated area (see Table 1). 

 
Table 2. EDX elemental analysis of ferritic ODS steel after irradiation in vacuum with 100 fs laser pulses. 

Spectrum  O Al Cr Fe Y W 

Spectrum 1 (center) 11.6 1.6 13.8 68.1 1.5 3.4 

Spectrum 2 (center) 1.0 0.4 18.5 78.7 0.2 1.2 

Spectrum 3 (center) 0.5 1.6 16.4 76.8 0.7 4.0 

Spectrum 4 (periphery) 3.4 1.5 16.8 74.3 1.0 3.0 

  *
 Values are given in wt%. 

 

3.2. Irradiation of ferritic ODS steel with Hf 

 

Irradiation of ferritic ODS steel with the addition of hafnium in helium 

 

Figure 3 summarizes surface features obtained on ODS steel with Hf after fs laser irradiation in 

helium, at Ep = 0.25 mJ (energy density 1.8 J/cm
2
, intensity 2.8·10

13
 W/cm

2
). LSFL-type ripples are 

visible already after one pulse, and generally, damages after 1, 10, and 100 pulses show more 

superficial character favorized probably by the addition of Hf, with less melting compared to ODS 

steel with no Hf added. The central part of the damage shows the presence of spherical pores due to 

local vaporization, with not fully developed grooves (only a few at the edge of the damage). The 

average damage depth is around 2 micrometers and few protrusions up to 2.5-3 μm. 
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Figure 3. SEM analysis of ferritic ODS steel with Hf surface after irradiation in He with 1 (A), 10 

(B), and 100 (C) fs laser pulses at ~10
13

 W/cm
2
. Profilometric analysis after 100 pulses. 

 

Irradiation of ferritic ODS steel with the addition of hafnium in vacuum 

 

SEM and profilometric analysis of the surface of ODS steel with added Hf after fs laser 

irradiation in vacuum, at 0.25 mJ (energy density 3.6 J/cm
2
, intensity 5.7·10

13
 W/cm

2
), is given in 

Figure 4. No LSFL-type ripples are visible after one pulse, unlike in helium, as damage is somewhat 

more intense due to better coupling of the laser beam with the target in a vacuum atmosphere. 

Grooves are hardly visible (periphery at 100 pulses applied), and melting with a coral-like structure is 

less prominent compared to ODS steel without Hf. Profilometry shows a crater with a conical shape, 

~2.1 µm deep, with a lot of redeposited material on one side. Based on SEM and profilometric 

analysis in a vacuum, it can be concluded that damages in the case of ODS steel with Hf are 

shallower, with less prominent melting, which is attributed to the Hf effect. 
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Figure 4. SEM analysis of the surface of ferritic ODS steel with Hf after irradiation in a vacuum with 

1 (A), 10 (B), and 100 (C) fs laser pulses at ~10
13

 W/cm
2
. Profilometric analysis conducted for 

damage after 100 accumulated pulses. 

 

Phenomena in the course of fs laser-metal interaction are complex and still not completely known, 

including the effects of the ambiance used. In one approximation, ablation is also linked with 

subsequent plasma phenomena that take place above the target – namely, according to [11], two kinds 

of plasma are present in the helium atmosphere, i.e. plasma originating from the target itself, as well 

as plasma from the gas breakdown. In the case of vacuum ambiance, plasma from the gas 

environment is absent thus coupling should be more efficient. In the case of the applied intensity of 

10
13

 W/cm
2
, the shape of the obtained damages is still irregular compared to higher fluxes [9,10]. 

Damage is slightly deeper in vacuum compared to helium for ODS steel with no added Hf, while 

there is no significant difference between surroundings in the case of ODS steel with Hf. Irradiation at 

stronger intensities of ~10
15

 W/cm
2
 shows significantly (around three times) deeper damages in a 

vacuum than in He [9,10].  
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Damage depths after laser irradiation at 10
13

 W/cm
2
 are of the order of several micrometers. 

Generally, it can be concluded that damages in both employed ambiances are shallower in the case of 

ODS steel containing Hf. Namely, hafnium leads to a further strengthening effect in ODS steels 

through refinement of the base materials structure, and refinement of reinforcing oxides, i.e. 

formation of fine Y-Hf-O oxides which are formed more easily than coarser Al-containing oxides. 

This leads to better mechanical properties of ODS steel, and higher resistivity to laser-induced 

damages as shown by the results obtained. 

 

4. Conclusion 

 

The study presents an investigation on the surface features induced by high laser intensity, ~10
13

 

W/cm
2
, on ferritic ODS steel (16Cr3Al) with and without small content of hafnium. Hf is added with 

the aim of improving the strengthening effect through grain size refinement and the formation of 

smaller reinforcing oxide particles. The obtained morphological effects were observed in helium and 

vacuum.   

Damages were generally superficial, a few micrometers deep, with not fully developed crater shape. 

Surface chemical analysis showed mild compositional changes. The presence of laser-induced 

periodic surface structures was recorded in both types of samples, with and without Hf, with less 

developed grooves (suprawavelength LIPSS) in the case of ODS steel with hafnium. Damage depths 

were typically lower in the case of Hf-containing ODS steel in both ambiances, showing better 

resistivity to laser irradiation at given intensities. 
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