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Abstract

:

Femtosecond laser machining, characterized by a small heat-affected zone, high precision, and non-contact operation, is ideal for processing metallic glasses. In this study, we employed a simulation method that combines the two-temperature model with molecular dynamics to investigate the effects of fluence and pulse duration on the femtosecond laser ablation of Cu50Zr50 metallic glass. Our results showed that the ablation threshold of the target material was 84 mJ/cm2 at a pulse duration of 100 fs. As the pulse durations increased, the maximum electron temperature at the same position on the target surface decreased, while the electron–lattice temperature coupling time showed no significant difference. As the absorbed fluence increased, the maximum electron temperature at the same position on the target surface increased, while the electron–lattice temperature coupling time became shorter. The surface ablation of the target material was mainly induced by phenomena such as melting, spallation, and phase explosion caused by femtosecond laser irradiation. Overall, our findings provide valuable insights for optimizing the femtosecond laser ablation process for metallic glasses.
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1. Introduction


Metallic glasses, also known as amorphous alloys or liquid metals, are a unique material characterized by a disorderly arrangement of atoms [1]. Due to their unique atomic structure, they generally exhibit excellent mechanical properties, high elasticity, superplasticity in the supercooled liquid region, exceptional soft magnetic properties, corrosion resistance, and remarkable electrocatalytic performance [2]. Despite these favorable properties, metallic glasses become harder and more brittle under low-temperature conditions, show a highly viscous state in medium- to high-temperature conditions, and are susceptible to self-passivation, which results in the formation of a surface film that can easily denature due to crystallization or oxidation caused by thermal effects [3]. To overcome these limitations, Yao et al. [4] suggests that employing femtosecond laser ablation to process metallic glasses offers several benefits, such as a small heat-affected zone, perquisite precise ablation thresholds, and the ability to perform precise, non-crystallization processing of metallic glasses. The purpose of this article is to enhance our understanding of the mechanism behind the ablation process during the femtosecond laser machining of metallic glasses.



There is currently limited research on femtosecond laser ablation in metallic glass processing. Some research has been conducted experimentally. Sano et al. [5] first reported on the use of the femtosecond laser for ablating bulk metallic glass and studied the relationship between pulse energies and ablation depth in air. Wang et al. [6] conducted micro-drilling and trenching studies on amorphous alloys using femtosecond laser ablation in air, proposing that femtosecond laser ablation has the potential to achieve the amorphous processing of metallic glasses. Ma et al. [7] further investigated the femtosecond laser ablation of metallic glass under different laser shots and fluence in the atmospheric environment and provided guidance for controlling the evolution of surface morphology induced by femtosecond laser pulse.



Researchers have conducted some studies in the computational aspect as well. The two-temperature model (TTM) [8] has been used to describe the evolution of electronic and lattice temperatures in the short-pulse laser ablation of metals. Molecular dynamics (MD) simulation has been used to investigate the various mechanisms involved in the ablation process, such as ablation mechanisms [9,10,11], laser-induced shock waves [12], and melting [13]. However, due to the short period of femtosecond laser pulses and the complex effects resulting from the overlapping of multiple processes, it is difficult to observe the evolution process through experimental means. TTM cannot observe changes in atomic structure, while MD lacks descriptions of electrons. Thus, the mechanism between the femtosecond laser and metallic glasses is not yet fully understood by these methods.



To conduct research in this field, many researchers employ the TTM-MD hybrid model. Most simulations focus on the interaction between femtosecond lasers and monometallic materials such as Cu [14], Al [15], Ni [16], and Au [17]. For metallic glasses, Marinier et al. [18] studied the ablation dynamics of CuZr metallic glass and crystal structure materials using a MD simulation combined with the TTM under femtosecond laser irradiation. Iabbaden et al. [19] also employed a hybrid TTM-MD model to investigate the structural evolution of crystalline CuZr alloys and amorphous alloys of the same compositions under ultrashort laser irradiation. However, they overlooked the structural evolution of metallic glasses under different femtosecond laser irradiation conditions, which could significantly guide practical processing. The related mechanisms involved in the femtosecond laser ablation of metallic glasses remain unclear, especially the impact of different laser parameters on the ablation of metallic glasses.



Our study employed a hybrid TTM-MD model to investigate the ablation process of Cu50Zr50 metallic glass with a single-pulse femtosecond laser of different fluence and pulse durations. The study discussed the structural evolution of the target under different laser conditions, the distribution of the maximum electron temperature of the target surface, the electron–lattice temperature coupling time, and the propagation of pressure waves. The study also determined the ablation threshold of Cu50Zr50 metallic glass, which helps to understand the mechanism between the femtosecond laser and metallic glasses, as well as promotes the application of the femtosecond laser in processing metallic glasses.




2. Computational Modeling


2.1. TTM-MD Method


The simulation is studied by the LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator) software [20]. The TTM-MD method combines two schemes where electrons of laser excitation are treated as a continuum on a regular grid [16], and ions are modeled on a classical MD.


    F   i o n   = −   ∂ U   ∂   r   i o n     +   F   l a n g e v i n   −     ∇ P   e       n   i o n      



(1)






    C   e       T   e       ∂   T   e     ∂ t   = ∇     k   e       T   e     ∇   T   e     −   g   p       T   e   −   T   i o n     +   I   t     e   −   x     l   p           l   p      



(2)







In Equation (1),     F   i o n     is the total force acting on an ion,     ∂ U   ∂   r   i o n       is the force due to interatomic interactions,     F   l a n g e v i n     represents the force due to electron–phonon coupling,       ∇ P   e       n   i o n       is the blast force acting on ions because of electronic pressure gradient [21,22], and     n   i o n     is the ionic density.



Equation (2) is a 1D heat diffusion equation with an external heat source in the   x   direction. In this equation,     C   e       T   e       is the electronic specific heat,     k   e   (   T   e   )   is the electronic thermal conductivity, and     g   p     is the coupling coefficient for the electron–ion interaction.     T   e     and     T   i o n     are, respectively, the electronic and ionic temperature. For the Cu50Zr50 metallic glass, a free electron model is used as     C   e       T   e     = γ   T   e    , where the electronic specific heat coefficient   γ   is available in [19]. When the simulation time   t   is shorter than the pulse duration   τ  ,   I   t   =   I   0     and 0 otherwise.     I   0     is the initial laser pulse intensity, and the absorbed laser fluence is defined as      F   a b s   =   I   0   · τ  ·    l   p      is the penetration depth of the laser energy deposition.



The electronic thermal conductivity     k   e   (   T   e   )   is determined from Equation (3), by assuming it is simply proportional to the electron heat capacity     C   e   (   T   e   )  ,


    k   e   (   T   e   ) =   D   e     ρ   e     C   e   (   T   e   )  



(3)




where     D   e     is the electronic thermal diffusion coefficient and     ρ   e     is the number density of electrons. Moreover, the coupling constant for the electron–ion interaction     g   p     is given by:


    g   p   =   3 N   k   B     γ   p     ∆ V m    



(4)




where     k   B     is the Boltzmann’s constant,   m   is the atomic mass, and   ∆ V   and   N   represent the volume of the electronic grid cell and the total number of atoms inside each cell, respectively.     g   p     is considered as constant in this model.



The values of the parameters used in the TTM-MD method are shown in Table 1. The density of our prepared Cu50Zr50 sample was 7.14 g/cm3, while that of the sample prepared by Iabbaden et al. [19] was 7.18 g/cm3. This difference falls within an acceptable range.




2.2. Computational Details


This study focused on the Cu50Zr50 metallic glass due to its favorable amorphous-forming ability. The potential function utilized in this research was fitted by Mendelev et al. [24] based on the Finnis–Sinclair embedded atom model potential (EAM/FS) [25,26]. The NPT ensemble is a simulation technique where the number of particles, temperature, and pressure are kept constant, while the volume can vary. This constant pressure and temperature make the NPT ensemble suitable for simulating systems in contact with an environment with a fluctuating pressure and temperature. On the other hand, the NVE ensemble refers to a simulation technique where the number of particles, volume, and energy are kept constant while the temperature can vary. The NVE ensemble is particularly useful for systems that are isolated and do not exchange energy with their surroundings.



The Cu50Zr50 metallic glass sample was prepared using a melting and quenching simulation [27,28]. Initially, the Cu50Zr50 binary alloy sample with equal numbers of Cu and Zr atoms was generated using LAMMPS commands. Then, the sample was subjected to a 200 ps relaxation under the NPT ensemble with periodic boundary conditions and a temperature of 300 K. Subsequently, the sample was heated at a rate of 50 K/ps from 300 K to 2500 K to melt it. After heating the sample for 40 ps at 2500 K, the temperature was instantaneously quenched to 300 K within 25 ps. Finally, the sample was relaxed for approximately 100 ps under the NPT and NVE ensembles, with a relaxation temperature of 300 K, zero relaxation pressure, and a time step of 0.001 ps. As a result, a Cu50Zr50 metallic glass sample was obtained, with a size of 644.9 nm × 4.3 nm × 4.3 nm and composed of approximately 660,000 atoms, as displayed in Figure 1. The relaxation and laser ablation MD simulation processes both use microcanonical ensemble (NVE).



Figure 2 depicts a schematic model of the femtosecond laser ablation of Cu50Zr50 metallic glass. Upon being subjected to laser irradiation, the material absorbs the laser energy and undergoes thermal expansion or even ablation. Therefore, in constructing the simulation box, a vacuum layer was added to the upper surface of the target to prevent atoms from escaping the simulation box during the simulation process.



The heat diffusion Equation (2) is solved numerically on a 200 × 1 × 1 regular electronic cubic mesh, as shown in Figure 2. A step function   d x ≈ 5   nm is used for the     T   e     variation. Here, periodic boundary conditions are set in the   y   and   z   lateral directions and free boundaries are imposed following the laser shot   x = [ 0 ]  . The target irradiated by the femtosecond laser generates a pressure wave propagating towards the surface and into the target [29,30]. To avoid reflection of the pressure wave at the bottom of the target, we define non-reflecting boundary conditions composed of a viscous damping region [31,32,33] with a   100   nm in the x direction. A damping factor     γ   d a m p   = 0.0025   eV∙ps∙Å−2 [19] is used in this work in all simulations. The simulation is a regular MD run in the NVE ensemble after the laser pulse irradiation is completed.



To facilitate the simulation, we made some assumptions. These assumptions relate to the variables included in the simulation, the chosen force field, the simulation time step, and any other factors that may impact the accuracy and validity of the simulation results. Specifically, the assumptions of our proposed simulation include:




	
The model assumes that the interactions between atoms can be accurately represented by our chosen force field.



	
The model assumes the availability of accurate and reliable parameters to set up the force field.



	
The model assumes that the simulation time step is small enough to capture the dynamics of the system under investigation.



	
The model assumes that the simulation is conducted in a vacuum environment and heat exchange with the surroundings is neglected.



	
The model assumes that all of the laser energy is absorbed by the target and the reflectivity is zero.










3. Results


3.1. Ablation Threshold


When irradiated by the femtosecond laser, targets can undergo irreversible and permanent damage on their surfaces if the laser pulse parameters satisfy certain conditions, such as certain pulse duration and intensive enough laser fluence. Specifically, the surface of the target will be removed, and the minimum fluence that is required to achieve this kind of damage is known as the ablation threshold [18]. In our research, we determined the ablation threshold by gradually increasing the laser fluences. This method allowed for the determination of the specific energy requirements for ablation initiation in the target material and was chosen for its precision and reliability in determining the ablation threshold. Specifically, we determined the ablation threshold of the Cu50Zr50 metallic glass target material by incrementally increasing the laser fluence in 2 mJ/cm2 intervals, with a baseline of 80 mJ/cm2. We studied the results of the interaction between a femtosecond laser with a pulse duration of 100 fs and an absorbed fluence (80 + 2N, N = 0, 1, 2) mJ/cm2 with the target material. The laser incidence direction was from left to right, and snapshots of the target at different times are shown in Figure 3.



From Figure 3a,b, it can be observed that the target surface expands significantly in the 0~40 ps time range after being irradiated by the laser pulse. During the 60–100 ps time range, the target surface remains in an expanded state but the target does not disintegrate, indicating that the ablation threshold of the target material is greater than 82 mJ/cm2. In Figure 3c, at 20 ps, the target surface expands; and at 40 ps, a bubble appears at the position of x = 0 nm and the target expands. During the 60~100 ps time range, the target disintegrates due to the expansion of the bubble. The surface of the target is removed, and irreversible damage occurs. Therefore, the ablation threshold of the Cu50Zr50 metallic glass target material at a pulse duration of 100 fs is 84 mJ/cm2. Hu et al. [34] predicted the damage threshold of the Cu50Zr50 amorphous alloy to be between 80 mJ/cm2 and 120 mJ/cm2. Further, we determined the ablation threshold to be within this range.



A comparison of Figure 4a,b indicates that the pressure within the target continuously propagates deeper, and its peak value gradually decreases over time. In Figure 4a, the pressure values remain relatively constant within the target material between x = 0~50 nm. Conversely, in Figure 4b, at the same position within the target, the pressure reaches its maximum value at 20 ps, subsequently decreasing. This variation suggests that there is a change in the stress state at the surface of the target material between 20~40 ps. The fracture mechanism of Cu50Zr50 metallic glass in Figure 3c was caused by the pressure induced by the femtosecond laser. At lower laser fluences (80 mJ/cm2), the lattice temperature of the target material is not high enough and the tension near the surface is relatively small. As a result, only the expansion of the target material can be observed in the atomic structures shown in Figure 3a,b. When the laser fluence increases to 84 mJ/cm2, more energy is absorbed at the surface of the target material, causing cavitation, which corresponds to breakage in Figure 3c. In Figure 4b, the tension near the surface decreases after 20 ps because it is “absorbed” by the cavities that ultimately lead to breakage (ablation).
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Figure 3. Snapshots (generated using the OVITO (Open Visualization Tool) software [35]) of Cu50Zr50 metallic glass irradiated by femtosecond laser with a pulse duration of 100 fs and absorbed fluence of (a) 80 mJ/cm2, (b) 82 mJ/cm2, and (c) 84 mJ/cm2 from 0 to 100 ps. The laser pulse is incident from the left. 
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3.2. Evolution of Femtosecond Laser Ablation at Different Fluences


To investigate the effects of different fluences on Cu50Zr50 metallic glass, laser pulses with a pulse duration of 100 fs and absorbed fluences of 90, 100, and 160 mJ/cm2 were used to vertically irradiate the Cu50Zr50 metallic glass with a thickness of approximately 645 nm. The laser pulse was incident from left to right, and the snapshots of the target at different times are shown in Figure 5.



Figure 5 shows snapshots of the target after being irradiated by a single-pulse femtosecond laser with a pulse duration of 100 fs and absorbed fluence of 90~160 mJ/cm2. At 20 ps, the targets at three laser conditions had already started to change. From 40 to 100 ps range, not only did the target material exhibit layer cracking, but large clusters of atoms were also produced, accompanied by violent phase explosions at the initial position of the target material. Moreover, it can be seen that an increasing number of single atoms and large clusters of atoms are ejected from the initial surface of the target material, causing the thickness of the ablated material to increase. If the pulse duration is the same, the target is more prone to ablation at the high absorbed fluence of the femtosecond laser.



According to Figure 6, the higher the absorbed fluence of the femtosecond laser, the more energy the target can absorb, and the electron temperature increases correspondingly. When the absorbed fluence is the same, after single-pulse femtosecond laser irradiation, the electron temperature in the absorption layer of the material decreases with the increase in depth, while the coupling time changes the opposite. The maximum electron temperatures of the initial target surface (x = 0 nm) after irradiation by femtosecond lasers with absorbed fluences of 90 mJ/cm2, 100 mJ/cm2, and 160 mJ/cm2 were 8964 K, 9452 K, and 11,976 K, respectively. With the increase in the absorbed fluence, the maximum electron temperature gradually increases. This is mainly because under the condition of constant pulse duration, the increase in absorbed fluence represents the increase in peak power, thus causing the maximum electron temperature to rise. The reason why the highest electron temperature gradually increases with the increase in the absorbed fluence can be attributed to the following factors:




	
Increasing the absorbed fluence can increase the number of photons, which in turn improves the laser absorption rate and energy conversion efficiency. This promotes the absorption and conversion of energy into thermal energy in a more effective way.



	
More laser energy being absorbed into the material can lead to more excited electrons in a high-energy state, which results in an increase in electron temperature.



	
The increase in electron temperature can also lead to an increase in the thermal conductivity of the material, which accelerates the transfer of heat, causing the overall material temperature to rise. This temperature increase may continue to occur during the reflux period, and the increase in electron temperature may be the result of complicated interactions between temperature and pressure.








To investigate the cause of target fracture in Cu50Zr50 metallic glass under the loading of femtosecond lasers with a pulse duration of 100 fs and absorbed fluence of 90 mJ/cm2, we analyzed the propagation of pressure inside the target material from 0 to 100 ps, as shown in Figure 7. The phenomenon of spallation is caused by the propagation of high-pressure compression waves generated near the surface of a target material. These waves reflect upon reaching the surface and create rarefaction waves that travel back into the bulk of the material. If the intensity of the rarefaction wave exceeds the strength of target, it can cause failure and the detachment of large pieces of matter near the surface. With the increase in time, the shock wave induced by the laser began to propagate deeper into the target material. The surface material underwent expansion and fracture between 0 ps and 100 ps due to the pressure on the surface of the target.




3.3. Evolution of Femtosecond Laser Ablation at Different Pulse Durations


To investigate the effect of pulse durations on the femtosecond laser processing of metallic glass, Cu50Zr50 metallic glass with a thickness of approximately 645 nm was irradiated by single-pulse femtosecond lasers with an absorbed fluence of 160 mJ/cm2 and pulse durations of 50 fs, 100 fs, 200 fs, and 500 fs. The snapshots of the target at different times are shown in Figure 8. The laser incidence direction is from left to right.



In Figure 8, when the absorbed fluence was 160 mJ/cm2, the target material began to ablate at 20 ps, with the appearance of voids in the sub-surface of the target and the production of larger clusters of surface material dragged out by the expanding voids that led to target fracture. Between 40~60 ps, obvious laminations appeared in the target, with decreasing gaps between the layers; this was accompanied by more significant clusters of atoms being ablated from the target mother material. At 100 ps, ablation no longer occurred, and although the target material was partially removed, the subsurface region of the target material closer to the surface was occupied by thermal atoms that were emitted due to bottom-up thermal expansion.



Figure 9 shows the maximum electron temperature of the surface of the Cu50Zr50 metallic glass target, as well as the distribution of the electron–phonon coupling time with respect to space after irradiation with four pulse durations of 50 fs, 100 fs, 200 fs, and 500 fs, all with an absorbed fluence of 160 mJ/cm2. From Figure 9a, it can be seen that increasing the pulse duration has no significant effect on the electron–lattice temperature coupling time of the target surface. From Figure 9b, it can be seen that the maximum electron temperature of the target surface decreases gradually with increasing depth. At the same position of the target, the maximum electron temperature decreases as the pulse duration increases. The maximum electron temperatures of the initial target surface (x = 0 nm) after irradiation by femtosecond lasers with pulse durations of 50 fs, 100 fs, 200 fs, and 500 fs were 12,116 K, 11,976 K, 11,893 K, and 11,758 K, respectively.



As the pulse duration increases, the duration of femtosecond laser loading on Cu50Zr50 metallic glass tends to lengthen; thus, the time it takes for the electrons and lattice temperature to reach an equilibrium state also increases. With the increase in pulse duration, the highest electron temperature has a gradual downward trend. This is mainly because under the condition of constant pulse energy, the widening of pulse duration represents the decrease in peak power; thus, the highest electron temperature decreases.





4. Conclusions


In this paper, a hybrid TTM-MD approach was used to simulate the process of single-pulse femtosecond laser ablation of Cu50Zr50 metallic glass target material with a thickness of 644.9 nm, and the mechanisms underlying different absorbed fluences     F   a b s     and pulse durations   τ   were analyzed.



	1.

	
It was determined that the ablation threshold of a target under   τ = 100   fs was 84 mJ/cm2. Further, the tension near the surface decreased because it was “absorbed” by the cavities that finally caused ablation on the target material.




	2.

	
The process of the single-pulse femtosecond laser machining of Cu50Zr50 metallic glass was studied with     F   a b s   = 80 , 82 , 84 , 90 , 100 , 160   mJ/cm2. As   τ   increased, the maximum     T   e     at the same position on the target surface decreased, while the     T   e   -    T   i o n      coupling time showed no significant difference. Further, it was found that the increase in     F   a b s     leads to various forms of surface ablation on the target material, including melting, cavitation, spallation, material ejection, and phase explosion.




	3.

	
The mechanism between the femtosecond laser and metallic glass was researched by   τ = 50 , 100 , 200 , 500   fs. It was found that the variation of   τ   had little effect on the electron–lattice temperature evolution, but it did have an impact on the structural changes during the ablation process. As the absorbed fluence increased, the maximum     T   e     at the same position on the target surface increased, while the      T   e    -    T   i o n      coupling time became shorter.
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Figure 1. The substrate of the model (the Cu atoms are colored in red and the Zr atoms are colored in blue). 
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Figure 2. Simulation setup geometry used to model ultrafast laser pulse interaction in Cu50Zr50 metallic glass using TTM-MD simulations. 
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Figure 4. Spatial pressure profile for Cu50Zr50 metallic glass at different times and at absorbed fluence of (a) 80 mJ/cm2 and (b) 84 mJ/cm2. The initial surface is at position x = 0 nm. 
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Figure 5. Snapshots of Cu50Zr50 metallic glass irradiated by femtosecond laser, with a pulse duration of 100 fs and absorbed fluences of (a) 90 mJ/cm2, (b) 100 mJ/cm2, and (c) 160 mJ/cm2 from 0 to 100 ps. The laser pulse is incident from the left. 
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Figure 6. The variation of (a) the electron–lattice equilibrium temperature coupling time and (b) the maximum electronic temperature in the surface of Cu50Zr50 metallic glass irradiated by femtosecond laser irradiation, with a pulse duration of 100 fs and absorbed fluences of 90 mJ/cm2, 100 mJ/cm2, and 160 mJ/cm2 depending on depth. The initial surface is at position x = 0 nm. 
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Figure 7. Spatial pressure profile for Cu50Zr50 metallic glass at different times and at absorbed fluences of (a) 90 mJ/cm2 and (b) 160 mJ/cm2. The initial surface is at position x = 0 nm. 
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Figure 8. Snapshots of Cu50Zr50 metallic glass irradiated by femtosecond laser with absorbed fluence of 160 mJ/cm2 and pulse durations of 50 fs (a), 100 fs (b), 200 fs (c), and 500 fs (d) from 0 to 100 ps. The laser pulse is incident from the left. 
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Figure 9. The variation of the electron–lattice equilibrium temperature coupling time (a) and the maximum electronic temperature (b) in the surface of Cu50Zr50 metallic glass irradiated by femtosecond laser irradiation, with absorbed fluence of 160 mJ/cm2 and pulse durations of 50 fs, 100 fs, 200 fs, and 500 fs depending on depth. The initial surface is at position x = 0 nm. 
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Table 1. The input parameters for TTM-MD simulations of Cu50Zr50 metallic glass.
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	Physical Properties
	Unit
	Value





	   density     ρ   0     
	g∙cm−3
	7.14



	   electron – phonon   factor     g   p     
	1017 W∙m−3∙K−1
	1.00 [18]



	   specific   heat   constant   γ   
	J∙m−3∙K−2
	321.30 [18]



	   electronic   thermal   conductivity     k   e     
	W∙m−1∙K−1
	3.85 [23]



	   electronic   thermal   diffusion     D   e     
	10−5 m2∙s−1
	3.98 [19]



	   depth     l   p     
	nm
	14.30 [19]
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