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Abstract 

Ultrafast lasers as tools are nowadays mainly used in the field of high-precision laser micromachining. However, for 
technical applications, besides process optimization, the development of new functional materials is of crucial importance. 
In this work, we present a novel study on single-pulse laser ablation (530 fs, 1056 nm) of CrMnFeCoNi high entropy alloy 
(HEA), and compare results to the conventional stainless steel AISI 304. While HEAs are known to have a high damage 
resistance against high-energy particle radiation we find that this is not true for electromagnetic radiation, as the damage 
threshold of CrMnFeCoNi HEA is 0.24 J/cm², which is lower than that of AISI 304 (0.27 J/cm²). A detailed analysis of the 
crater morphology, ablation depths as well as ablation volumes shows that the ablation mechanisms for both alloys are 
comparable, but contrary to expectations, CrMnFeCoNi HEA laser ablation is energetically more efficient in comparison to 
AISI 304. 
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1. Introduction 

High entropy alloys (HEA) are a novel group of materials and are defined, among others, by consisting of at 
least 5 alloying elements in approximately the same atomic concentration [1]. Hereby, the binding enthalpy is 
significantly minimized from the maximized configuration entropy, leading to a stable formation of a solid-
solution phase. This approach differs from conventional alloy design, where properties of a metal are 
optimized by admixture of small amounts of alloying elements (minor elements). However, by appropriate 
selection of principle elements (concentration < 5%), mechanical, magnetic or thermodynamic properties of 
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HEAs can be tailored from scratch. This approach opened a new focus in material research with the discovery 
of a stable concentrated solid solution phase with nearly equiatomic concentration, namely the CrMnFeCoNi 
alloy by Cantor et al. in 2004 [2]. Since then, numerous high entropy alloys have been developed as well as 
their physical properties investigated. It appears that HEAs are in general a promising candidate for a wide 
group of advanced functional materials for technical applications. These include applications for 
environmental protection, energy storage as electrochemical supercapacitor, electromagnetic wave 
absorption materials for communication industry, thermoelectric materials or even as superconducting 
materials [3]. HEAs were also shown to have excellent mechanical properties such as high strength-to-weight 
ratio, high yield strength, fracture toughness and corrosive resistivity, which makes them suitable for structural 
materials and technical applications such as aerospace engineering [4]. In addition to these attributes, damage 
tolerance to high-energy particle radiation is of high importance for aerospace engineering structural materials 
and nuclear applications [5]. The improved radiation tolerance of HEAs is attributed to the increased chemical 
complexity and the resulting reduced point defect diffusion. It follows that for heavy ion bombardment of 
CrMnFeCoNi, irradiation-induced voids are much smaller compared to Ni or binary solid solutions such as NiCo, 
since 3D migration of induced defect sites and recombination with interstitial atoms strongly attenuate void 
nucleation [6]. Experiments with He ions irradiation also showed that CrMnFeCoNi itself exhibits reduced size 
of induced nano voids in the material compared to AISI 304 stainless steel (Fe72Cr18Co10), resulting in lower 
radiation induced material swelling. Increased stacking fault density in CrMnFeCoNi compared to AISI304, due 
to lower point defect diffusion, also instigates greater hardening after particle radiation [7]. 

So far, there are hardly any investigations on laser-matter interaction in the field of micro-material 
processing of high entropy alloys. In general, ultrashort pulse (USP) laser systems offer severe advantages over 
longer nanosecond pulses. Especially the increased precision of micro material processing [8] and higher 
ablation efficiency of femtosecond pulses compared to picosecond pulses [9] is of high interest. However, 
process understanding, and its optimization is of great importance to the industry for future technical 
application. Therefore, in this proceeding, we present our results on sub ps laser ablation of the high entropy 
alloy CrMnFeCoNi alloy and compare them with the conventional stainless steel AISI 304 in order to investigate 
possible peculiarities due to the increased configuration entropy. We chose AISI 304 as prospect candidate 
based on the equal fcc crystal lattice structure, chemical composition and comparable physical properties. In 
order to exclude material dependent heat accumulation and incubation effects, which play a major role in 
multipuls material processing [10], single pulse experiments were performed. We present results on ablation 
threshold, crater morphology and topology as well as an energetic consideration. 

2. Materials and Methods 

The polycrystalline equiatomic CrMnFeCoNi alloy (deviation less than 1 at. %) was prepared by arc melting 
and directed solidified in the [001] orientation (see ref. [11,12]). The average grain size is 150 – 180 µm. The 
CrMnFeCoNi as well as the AISI 304 samples were plane ground and polished in several successive polishing 
steps (9, 3, 1 µm polycrystalline diamond suspension) to a surface roughness below 2 nm. The optical 
penetration depth of both substrates was determined using ellipsometry measurements (Sentech SE 850) 
according to δopt= λ (4πκ)⁄ . Likewise, the reflectance. 

Single-pulse ablation experiments were performed using an Nd:Glass femtosecond laser source with a 
central wavelength of 1056 nm (spectral width 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 5 nm), a pulse duration of 530 fs, and a beam quality 
of 𝑀𝑀²<1.4. The maximum pulse energy of the laser is 60 µJ and individual pulses, emitted at a repetition rate 
of 500 Hz, were selected with a mechanical shutter. The laser beam was focused on the sample using an f = 
100 mm plano-convex lens, with a beam waist radius of approximately 15 µm an a Rayleigh length of 0.5 mm. 
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Thus, single pulse laser ablation experiments with fluences ranging from 0.1 J/cm² to 10 J/cm² were performed 
on both alloys. 

To determine the ablation threshold (𝐷𝐷²  Method), the crater diameters were measured with a light 
microscope (Leitz Ergoplan (50x/0.85)). The surface topography was recorded by interferometric confocal 
microscopy (Sensofar Plµ 2300, 50x/0.42 objective, interferometric mode) and the crater depths, profiles and 
volumes were determined from these data sets. 

3. Results and Discussion 

3.1. Ablation Threshold 

The ablation threshold fluence was determined using the D²-Method [13] and is given by 
 

                                                                                D2=2 w0 ln�Ep Ethr⁄ �,                                                                        (1)                  
 
where 𝑤𝑤0  is the beam waist radius, 𝐷𝐷2  the measured squared crater diameter and 𝐸𝐸𝑝𝑝  and 𝐸𝐸𝑡𝑡ℎ𝑟𝑟  the 
corresponding pulse energy and energy threshold, respectively. The ablation threshold fluence (peak fluence) 
is calculated for the Gaussian beam via Φthr= 2 Ethr π w0

2⁄  . The measurement data and model fit are given in 
Figure 1a. The deviation of the excluded data, starting from a fluence of about 3 – 4 J/cm², is attributed to the 
beam quality, resulting in a contribution of small satellites (deviation from the TEM00 mode) to the ablation 
process [14]. The model fit yields in an ablation threshold of 0.24(1) J/cm² and 0.27(1) J/cm² for the 
CrMnFeCoNi alloy and AISI 304, respectively. Literature values with comparable laser parameter show for AISI 
304 an ablation threshold between 0.2 J/cm² and 0.3 J/cm² [15–17]. We thus find that CrMnFeCoNi alloy has 
a slightly lower ablation threshold than AISI 304, which may not be explained by considering the material 
specific reflectance. Here, we determined an absorbance of CrMnFeCoNi as well as AISI 304 of 29.3(1) % and 
31.6(1) %, respectively, resulting in an absorption-corrected ablation threshold of 70(3) mJ/cm² and 
85(3) mJ/cm². 

3.2. Crater Morphology and Topography 

The crater morphology of the two investigated alloys is shown for two fluences (0.4 J/cm² and 2.1 J/cm²) in 
the SEM images of Figure 1c (left AISI 304, right CrMnFeCoNi alloy). On first observation, nano-groves on the 
CrMnFeCoNi alloy surface are noticeable. These are caused by local field enhancement on surface nano-
scratches on the pristine surface [18], which are a leftover from the polishing process. Due the negligible 
volume ratio, an influence on the global ablation process as well as the energetics is excluded [11]. Further, it 
can be seen in the SEM images that for AISI 304, close to the ablation threshold (0.4 J/cm²), a closed rim has 
been established at the crater boundary. This phenomenon is not seen for the CrMnFeCoNi alloy presumably 
due to the interruptions caused by the nano-groves. Furthermore, at the low fluence, both craters qualitatively 
show a low surface roughness. This roughness remains for AISI 304 in the 2.1 J/cm² ablation craters, where 
the CrMnFeCoNi alloy already shows in the center of the ablation crater an onset of re-solidified molten 
material. This transition is well seen in the ablation depth data (see Figure 1b) for fluences above 3 J/cm² and 
is attributed to the onset of melt expulsion, which occurs during / after phase explosion [19]. From the 
evaluation of the ablation depths, it appears that for both alloys when processed with 530 fs pulses, the Beer-
Lambert law described the energy deposition sufficient with 𝛿𝛿𝑎𝑎𝑎𝑎𝑎𝑎  =  𝛿𝛿𝑒𝑒𝑒𝑒𝑒𝑒 ln(Φ0 Φ𝑡𝑡ℎ𝑟𝑟⁄ ), where 𝛿𝛿𝑒𝑒𝑒𝑒𝑒𝑒  is the 
effective penetration depth (see fit in Figure 1b). The determination of the effective penetration depths as 
15.0(3) nm and 16.3(9) nm 
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Fig. 1. (a) 𝐷𝐷2 method for ablation threshold determination; (b) fluence dependent ablation depths; (c) SEM images for CrMnFeCoNi (left 
column) and AISI 304 (right column) for 0.4 J/cm² and 2.1 J/cm²; (d) corresponding radial crater profiles 

for CrMnFeCoNi alloy and AISI 304, respectively, shows that they are in good agreement with the optical 
penetration depth of 15.6(1) nm and 17.0(1) nm. This is explained by the high electron-phonon coupling as 
well as low thermal conductivity of both alloys [20,21] and thus the effective penetration depth (𝛿𝛿𝑒𝑒𝑒𝑒𝑒𝑒  =
 𝛿𝛿𝑜𝑜𝑜𝑜𝑜𝑜  +  𝛿𝛿𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) is dominated by the optical penetration depth. The radial mean crater cross sections, evaluated 
from the crater topology, are given for the fluences analogous from the SEM images in Figure 1d. For 0.4 J/cm², 
slightly above the ablation thresholds, the CrMnFeCoNi alloy exhibits a more rectangular profile. For AISI 304, 
the crater rim (see SEM images in 1c) can be seen as a pronounced elevation. For the high fluence of 2.1 J/cm² 
both crater profiles show a comparable trend (parabolic nature in first approximation). The depth of the 
CrMnFeCoNi crater is slightly higher, which is referred to the lower ablation threshold. In summary, the crater 
morphology and topography differ only slightly for both alloys. 
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3.3. Ablation Efficiency and Energetic Consideration 

The energy-specific ablation volume (ESAV) is the ablation volume divided by the pulse energy and serves 
as a measure of the efficiency of the ablation process. Figure 2 shows the ESAV curves calculated from the 
measured ablation volumes for the two investigated alloys. Here, the pulse energies were corrected with the 
measured absorption of the materials, which are at 1056 nm wavelength 29.3(1) % and 31.6(1) % for 
CrMnFeCoNi alloy and AISI 304, respectively. The variation of the ESAV for both alloys is in good agreement 
with the ablation model according to Furmanski et al. [22] (see solid lines in Figure 2) which is described within  
 
      ESAV=(δeff A⁄ )�ln2(Φ0 Φthr⁄ ) 2 Φ0⁄ �.    (2) 
 
The measured ESAV maxima are located at about 4.5-times the ablation threshold for both alloys and the 
absorption corrected ESAV values are 9.8(8) µm³/µJ and 6.7(5) µm³/µJ (equivalent to 101(8) J/mm³ and 
149(11) J/mm³) for the CrMnFeCoNi alloy and AISI 304, respectively. Thus, the high entropy alloy shows higher 
ablation efficiency than the stainless steel.  
 

 
Fig. 2 Reflectance corrected energy specific ablation volume for both investigated alloys (left axis, and right axis inverse value). The total 
energy density required for evaporation is marked by dashed lines (red CrMnFeCoNi and blue AISI 304). 
 
For energetic considerations, it is common to compare the ablation efficiency with the total energy to vaporize 
a unit volume [23] although it is known that vaporization in the classical sense does not apply as a driving 
mechanism in ultrashort pulse laser ablation [24]. For CrMnFeCoNi alloy and AISI 304, this energy is calculated 
by the rule of mixture to be 63.5 J/mm³ and 67.9 J/mm³ [11], and a comparison with the ablation efficiency 
shows that for the CrMnFeCoNi alloy only 60% of the applied pulse energy can be assigned to vaporization. 
For stainless steel, this ratio 𝜈𝜈 = 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝐸𝐸𝐸𝐸𝐸𝐸𝑉𝑉−1⁄  is about 45 %. From the analysis of the effective penetration 
depths and the ESAV curve it may be concluded that the laser energy deposited in the material follows the 
Beer-Lambert law. So taking solely the energy absorbed in the ablation volume into account would provide 
more accurate energy balance. This energy portion is calculated in analogy to [60] as  
 
      Eabl Ep⁄ =1-(Φthr Φ0⁄ )[1+ ln(Φ0 Φthr⁄ )].    (3) 
 
At the efficiency maximum (in first approximation at 𝑒𝑒2 𝐹𝐹𝑡𝑡ℎ𝑟𝑟), the fraction of pulse energy absorbed in the 
ablation volume is roughly 60 %, from which it follows that 40 % of the absorbed energy would remain as 
residual heat in the material. This approximation is for stainless steel is in good agreement with measurements 
from literature [25,26]. Including this factor in the preceding consideration of 𝜈𝜈  shifts the values of 
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CrMnFeCoNi alloy as well as AISI 304 to about 1 and 0.8, respectively. Therefore, for both alloys the ablation 
process is energetically in the region of vaporization. No significant effect in the ablation efficiency due to the 
high configuration entropy of the high entropy alloy CrMnFeCoNi alloy, as is the case with the high-energy 
particle radiation, could be found. So the driving mechanism, responsible for the increased damage resistance 
of HEAs to high-energy particle radiation, which is referred to reduced diffusivity of lattice defects, does not 
significantly affect laser ablation. 

4. Summary and Conclusion 

Single pulse laser ablation experiments (530 fs, 1056 nm) were performed on polished substrates (RMS 
roughness < 2 nm) of the CrMnFeCoNi high entropy alloy and AISI 304 stainless steel and the results were 
compared. The ablation threshold was determined by the 𝐷𝐷² method and is 0.24(1) J/cm² for the CrMnFeCoNi 
alloy, which is slightly lower than the value for AISI 304 with 0.27(1) J/cm². A comparison of the crater 
morphology of the two alloys reveals no significant differences. From the ablation depths, it follows that for 
both alloys the energy deposition in the material may be formulated by the Beer-Lambert law, and the 
effective penetration depths, determined from the model fit, are in good agreement with the optical 
penetration depths. The exponential energy density decrease is also revealed in the parabolic shaped crater 
profiles for fluences around the ablation efficiency maximum. Furthermore, the energy specific ablation 
volume was calculated. For both alloys, the efficiency maximum is found at approximately 4.5-times the 
ablation threshold with an absorption corrected ESAV value of 101(8) J/mm³ and 149(11) J/mm³ for the 
CrMnFeCoNi alloy and AISI 304, respectively. Thus, laser ablation for the CrMnFeCoNi HEA alloy is energetically 
more efficient than that of the stainless steel alloy. This contrasts with high-energy particle radiation, where 
high entropy alloys have a lower damage tolerance. Rather, the increase in electron-phonon interaction and 
reduced thermal conductivity associated with the high chemical complexity of HEAs yields in a confined energy 
situation during the ablation process. This endows an enhanced ablation efficiency for the CrMnFeCoNi in 
contrast to AISI 304. In conclusion, we find that the ultrashort pulse laser ablation of the CrMnFeCoNi high 
entropy alloy is comparable to that of conventional AISI 304 stainless steel, which opens a promising future 
for precise laser micromachining of high entropy alloys. 
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