Simulation of cavitation effects in blister-assisted laser-induced forward transfer of fluids
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Abstract
In Blister Assisted - Laser-Induced Forward Transfer (BA-LIFT), laser pulse generates a blister in an intermediate layer to push away the fluid. In this work, a Phase Field model has been proposed to study the first stages of transference. Simulations and experimental shadowgraphy images for BA-LIFT of water-glycerol mixtures have been compared. The transference mechanism is ideally only mechanical, but it does not explain some observed effects that have already been described for direct LIFT transference. Given its analogy with direct LIFT processes, four causes have been studied: direct interaction between laser and fluid, thermal conduction, a mechanical rebound, or pressure fall due to fluid velocity. After the analysis, the first three explanations have been rejected, and a hypothesis is proposed: the velocity field generated by the blister generates a cavitation bubble in the interface between the polyimide layer and the fluid. The inclusion of the effects of a cavitation bubble in the numerical model –in the form of a second push– is enough to replicate these secondary effects observed that take place at intermediate times in BA-LIFT.
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Introduction – LIFT and BA-LIFT state-of-art
Laser-Induced Forward Transfer (LIFT) is a material transfer technique in which the fluid is not deposited through a contact process. Similar to other direct-write techniques [1,2], LIFT's main features are flexibility in design (in opposition to those which need a prefabricated pattern, such as stamping, molding or lithographic masking [3]) and the transference of very small volumes in the form of well-defined volumetric pixels (voxels). Besides, LIFT does not suffer from ink clogging, like inkjet printing does due to the absence of a nozzle for the process [4].
Regarding the method by which the motion is generated, LIFT techniques can be sorted in two groups [5]: those in which laser evaporates, directly or indirectly, the transferable fluid in the form of a bubble that pushes the fluid [6,7], such as direct LIFT, and those in which the velocity field is induced by the deformation of an intermediate layer [8,9]. Blister Assisted LIFT (BA-LIFT), for instance, is a case of transference using an intermediate layer of polyimide which absorbs the laser pulse. Because of the absorption, the polyimide is partially vaporized. As the generated vapor is confined in the form of a highly-pressurized bubble between the glass substrate and the polyimide layer itself, its expansion begins, deforming the remaining polyimide layer into the shape of a gaussian-like blister [10] that pushes away the fluid spread on it [5,11-13].
To study fluid dynamics during the transference, there are two main image acquisition methods: high-speed video recording [14] and single picture acquisition by shadowgraphy [15]. Images for this study have been taken using shadowgraphy technique. Image series allow distinguishing between primary effects that characterize the transference process (in the shape of a jet, in general) and secondary effects in the form of bulgy shapes at long times [16,17].
Previous simulations have been developed using Level Set [11-13,18] or Volume Of Fluid methods [19], only considering the movement of the blister, leading to acceptable results during the first microseconds of evolution [19-21]. However, these models are not able to reproduce those secondary effects that can be seen after about 10 μs. Both direct LIFT and BA-LIFT physics share several key features. Despite the direct LIFT mechanism has been thoroughly discussed, little had been said about BA-LIFT physics. The comparison between direct LIFT and BA-LIFT results in the hypothesis of the generation of a vapor bubble inside the transferable fluid in the BA-LIFT processes.
In this work, BA-LIFT of water-glycerol mixtures has been studied. These fluids have been selected because their wide viscosity range [22-24] allows exemplifying each transference regime [16,25,26]. A Phase Field model [27] is proposed to understand the whole transference process. Starting from a model that can replicate the first microseconds of transference, the modification of the dynamics of the blister enables the understanding of these effects that turns up after the ejection of fluid in the shape of a jet. This article aims to simulate the secondary effects seen in BA-LIFT processes at intermediate times.
Experimental setup
In this article, different water-glycerol mixtures have been transferred using BA-LIFT technique at several laser fluence values. Glycerol (Panreac, 99.0 % pure) was mixed with de-ionized water to prepare different solutions of water-glycerol mixtures between 20 and 80 % glycerol weight. Standard soda-lime glass microscope slides were covered with a 30 µm polyimide tape (Caplinq PIT0.5S-UT/19), and a 30 or 70 µm second layer of the same material tailored to form a well to contain the liquid. About 500 µl of glycerol-water solution were placed on top of the polyimide layer by blade coating, which removes the excess. The thickness of the fluids deposited by this method has been measured through a chromatic confocal probe. In this setup, the light emitted from the source is transmitted through an optical fiber and a fiber coupler to the optical probe. The light on the return path is received by the optical probe and is subsequently analyzed by a spectrometer (Precitec CHRocodile 2 S). The layer thickness can be determined from the spectral distance and the refractive index of the layer material. In this work, two thicknesses have been studied: 30 and 70 µm. The analysis of measured thicknesses shows a standard deviation in fluid thickness of 10 µm [28].
The laser beam of a diode-pumped solid-state Nd:YVO4 laser (Spectra Physics HIPPO), emitting at 355 nm with a pulse duration of 12 ns, was focused into the interface between glass and polyimide layer using an optical scanner (Scanlab hurrySCAN II) with an f-theta lens (250 mm focal length). The beam waist radius (ω0) at the focus is 18±1 μm. Laser pulse energy is adjusted employing an external attenuator from 18 to 50 μJ.
Time-resolved shadowgraphy was used to get images of the transference [29]. Images were obtained through a microscope objective (Mitutoyo 10x and 20x Long-WD) attached to a CCD camera (Mightex CXE-C013_U). Illumination is provided by strobing a 24-ns flash lamp (Nanolite KL-L) after a specified time delay relative to the laser pulse, set by a digital delay generator (SRS DG645). The analysis of the image series helps to understand the mechanisms related to jet formation and expansion.
Numerical model
1. 
2. 
3. 
4. 
Model description
To simulate the process, a FEM CFD model has been set in commercial software COMSOL 5.3a [30]. The first assumption taken is that the whole system is fully symmetrical, so the physics are approached by a 2D-axisymmetrical model. This assumption reduces the deviations from the ideal condition, such as jet tilting or uneven parallel surfaces.
To take both fluid and air into account, a Phase Field method has been chosen for this study. Other authors have implemented Level Set [11,12] or Volume of Fluid definitions (VOF) [13,19], instead. The choice of a Phase Field method was made considering that it is especially suitable for microfluidics or processes in which tracking the interface in its exact shape is of primary importance. It considers the minimization of mixing energy, taken as the sum of the surface energy and bulk energy of the flow [31]. The auxiliary function to follow the interface, Φ, has a range of values between 0 (fluid) to 1 (air) in Phase-Field. The interface, thus, is diffuse and centered around 0.5.
The motion of each single fluid phase is ruled, according to fluids mechanics, by two equations [32-35]: continuity equation assuming incompressible flow (1) and momentum equation (2), derived from Navier-Stokes equations.
      (1)
     (2)
The last two terms of equation (2) stand for volume forces. Parametric studies have been done to quantify the influence of gravity forces (). When compared to transference forces, they have scarce influence and they can be neglected in the model. In this model, only surface tension () is considered for the study and is implemented in Phase-Field methods as follows [31]:
     (3)
where  is the chemical potential, defined as:
     (4)
In these equations, the quantity λ is the mixing energy density and ε represents a capillary width that scales with the thickness of the interface. To track the position of the interface, there are additional equations:
     (5)
     (6)
These involved quantities, as well as γ and the surface tension coefficient, σ, are interrelated through the equations:
      (7)
     (8)
The parameter χ represents the mobility tuning parameter, which governs the diffusion-related time for the interface, according to the time scale of the Cahn-Hilliard diffusion [36], typically set to 1. The volume fraction of fluid is computed as follows:
     (9)
Properties of the materials are then the weighted sum of those of each phase:
     (10)
     (11)
The mean curvature of the interface can be calculated as:
     (12)
The movement of the fluid is only induced by the impulse of the blister. To replicate this movement, a deforming boundary is implemented. This blister model, shown in equations (13-16), is commonly used by different authors [11,12,37]. Its evolution may be split into two separable functions: a spatial (only radius dependent) function, B(r), and its time response, T(t), unitary. By multiplying these two functions, the displacement equation turns out as follows:
     (13)
Spatial function replicates the shape of the blister without time evolution consideration and is defined as:
     (14)
In the equation, the exponent CC is a geometric parameter that controls the curvature of the blister. Both parameters H0 and R0 are the height and the radius of the blister, respectively, for times at which no significant evolution takes place. Blister height, H0, has been fit to a second-degree polynomial, according to the time-resolved images:
     (15)
Regarding blister radius, R0, the adjustment has been made according to a logarithmic relationship:
     (16)
A, B, C, D, F, and K are just numerical values to fit the curve, and E stands for the laser pulse energy. To adjust these parameters to our experimental conditions, blister height and radius at different energies have been measured for long times, at which no further significant evolution happens (Figure 1). Sweeping over energy from 15 to 50 μJ allows to fit the proposed curves –second degree polynomial for height and logarithmic for radius– for  and .
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Fig 1.- Polynomial and logarithmic adjustment for blister height (blue solid line) and radius (red dash line), respectively, for times at which no further quick evolution has been observed in the blister, as a function of laser pulse energy.
This parametrization simplifies the model, in terms of reducing the amount of input data. Blister evolution is then only dependent on the laser pulse energy.
Regarding the time spatial function, T(t), image acquisition studies of blister expansion have been carried out to adjust the parameters present in the polynomial steps. Images of the first microsecond after laser pulse are taken and the height of the blister is measured at 22 μJ, a typical work energy value (Figure 2). Three main regimes can be distinguished: an initial expansion, an elastic recovery, and a stabilized stage. In the model, the blister expands for the first 0.1 μs. Then, it recovers elastically within the following 0.4 μs. Once it has deflated, it is assumed that no further evolution takes place. Image studies show that during this last stage the blister continuously deflates, but its effect on the fluid dynamics is neglectable owing to its slow evolution.
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Fig 2.- First microsecond analysis and modeling of blister dynamics for 22 μJ. Blister height measurements (red circles) is plotted in real height units and polynomial fit (blue solid line) is represented as a normalized height by dividing by the infinite-time blister height. Representative images have also been put along to exemplify the three different stages during blister evolution.
Height data has been normalized considering the blister infinite-time height. This temporal-normalized evolution during the first microsecond is modeled by a quick, positive step, for the inflating stage of the blister, followed by a negative and slow one, which simulates the deflation because of elastic behavior. The resultant curve is the input for the model (Figure 4).
The described model closely replicates LIFT processes in their first stages. Different regimes are simulated and validated both against other published models and process images taken by the described system [20].
Results and discussion
Figure 3 shows the possible regimes that have been observed during BA-LIFT of low viscosity fluids. In direct LIFT studies, these regimes have already been described and explained [16,17,25,26], but no proposal has been made regarding BA-LIFT. From left to right, the two first regimes (Figure 3, a and b) are the main primary regimes for transferring low-viscosity fluids. These two regimes appear always for each fluid employed. If the energy is high enough to overcome surface tension and viscosity forces, the jet will travel through the gap (Figure 3, b). Else, the fluid will deform elastically and will return to its original shape (Figure 3, a).
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Fig 3.- Compilation of the five typologies of BA-LIFT transference. From left to right: no transference (a), well-defined jet (b), bulgy shape as shoulders (c), bulgy shape in explosive secondary jets (d), and long-time fluid detachment (e). Each picture was extracted from experiments considering different pulse energies, viscosities, thicknesses and times.
For some specific combinations of fluid properties and laser fluences, some secondary effects may appear. These effects, sometimes globally named as “bulgy shape” [25], are mainly grouped in two typologies: shoulders (Figure 3, c) and secondary jets (Figure 3, d), which lead after a while to a massive detachment of fluid which is redistributed over time along the principal jet (Figure 3, e).
5. 
BA-LIFT simulation without secondary effects
The regimes in which only a singular jet [16,38] is obtained are acceptably replicated by the described model. In these simulations, the temporal function for the wall movement which pushes the fluid away follows a step-like function including the described elastic peak, as shown in Figure 4. This curve is derived from image studies carried out by some authors [18,39] and blister measurements performed by using the image acquisition system (Figure 2).
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Fig 4.- Temporal function of the blister for the first 20 μs with no consideration of further effects.
Low laser pulse energies, high viscosities or thick layers of fluid, result in the non-transference regime, in which the fluid is merely deformed. The generation of a fluid bell-like shape does not evolve in a transference jet, and thus it suffers from elastic forces to return to its initial state. Figure 5 compares experimental images and simulation results for a particular case of this regime of transference for high viscosity water-glycerol mixture (80 %wt glycerol; 45 mPa·s [22]). Fluid layer thickness is set to 70±10 μm. In the model, the best agreement with the experiments has been obtained for 60 μm thickness –within the measurement uncertainty– considering a laser pulse energy of 19 μJ.
[image: ]
Fig 5.- Non-transference regime images versus simulation comparison.
On the contrary, high laser pulse energies, low viscosities or thin layers of fluid lead to the jet-transference regime. The yet-described fluid bell-like shape has enough energy to beat surface tension forces and travel towards the acceptor in a thin filament –jet– shape. Figure 6 compares experimental images and simulation results for a particular case of this regime of transference for intermediate viscosity water-glycerol mixture (66 %wt glycerol; 13 mPa·s [22]). Fluid layer thickness is set to 30±10 μm. In the model, the best agreement with the experiments has been obtained for 40 μm thickness –within the measurement uncertainty– considering a laser pulse energy of 27 μJ. This model can replicate BA-LIFT transference for the two regimes previously described.
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Fig 6.- Jet regime images versus simulation comparison.
The image acquisition system actually takes just a single picture of each transference process, and afterward, the image series is reassembled. Due to the yet quantified uncertainty that accompanies this process, each picture is taken from a particular combination of parameters. Owing to that, the accuracy in fluid thickness seems to be critical to replicate the experimental data. A sensitivity analysis has been carried out to quantify the effects of varying fluid thickness.
1. 
2. 
3. 
4. 
5. 
5.1. 
Thickness sensitivity in the described model
The sensitivity analysis of fluid thickness in the described model was performed through a parametric sweep for fluid thickness, keeping fixed the rest of process parameters: energy and gap between donor and acceptor. Figure 7 shows the results of the study to quantify the influence of fluid thickness on jet length. To this purpose, an intermediate viscosity water-glycerol mixture (66 %wt glycerol; 13 mPa·s [22]) has been chosen. Simulations were run for a laser pulse energy (E) of 27 μJ, varying fluid layer thickness (Th) between 20 and 30 μm every 2 μm, to assess the possible deviation between the simulation and the experimental images of the transference process due to the thickness uncertainty. The analysis shows that, for a given time, the length of the jet may vary in 20 μm at most, as shown in Figure 7.
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Fig 7.- Thickness sensitivity based on measuring jet lengths for fluid thicknesses between 20 and 30 μm.
This study explains why fluid thickness in the simulation does not precisely match the layer thickness which is ideally set in the experiments. To properly replicate the experimental image series, small deviations in fluid thickness should be considered. This consideration explains the differences observed in Figure 6 between the length of the jet in the simulations and in the images acquired, at the same time. Since every single picture has an uncertainty of 10 μm in fluid thickness, the deviations are acceptable.
Long-time images and simulation of BA-LIFT – Secondary effects
Despite the simulations does match the experimental images for short times, both in jet shape and velocity, at a certain time between 10 and 15 μs some unexpected effects are sometimes witnessed in both LIFT and BA-LIFT processes but do not appear using neither the described model nor in other authors’ simulations yet [16,19]. In direct LIFT, an accepted explanation falls on the generation of a cavitation bubble generated by the laser pulse, by direct interaction between laser and fluid [38]. Nonetheless, no attempt of explanation has been proposed for BA-LIFT. These effects do also appear at certain combinations of energy fluence and fluid properties [40], although only mechanical transference is expected, for typical BA-LIFT processes [20,41].
As said, the appearance of these secondary effects does not always take place, but only for a combination of values of laser fluence, fluid thickness, and fluid viscosity. The inclusion of these effects makes BA-LIFT more similar to direct LIFT transference, in which the movement of the fluid is pushed by a bubble generated by laser [16] and these secondary effects are caused by a cavitation bubble.
Discussion of the possible explanations of secondary effects in BA-LIFT:
From the comparison between direct LIFT and BA-LIFT, it is assumed that a bubble also appears in BA-LIFT processes. The causes below its appearance are then discussed.
5.2. 
5.3. 
Direct laser interaction
In direct LIFT processes, a small amount of fluid is directly evaporated due to the absorption of the laser pulse by the fluid layer [38]. In BA-LIFT, even though an intermediate layer is inserted between glass and fluid, it might be possible for the laser pulse to cross through both layers and to reach the fluid mass, depending on the absorbance of both materials at the picked laser wavelength.
BA-LIFT processes are typically developed with ultraviolet (355 nm) laser pulse, as done in this work. At this wavelength, soda lime and silica glass are almost fully transparent, and polyimide is completely opaque. The analysis of the absorbance of both materials as well as the superposition of them have been studied. Considering ultraviolet wavelength (355 nm), only 9 % of the energy is absorbed by the soda-lime glass. Both the polyimide layer and the superposition of glass and polyimide are entirely opaque to the laser at this wavelength. Therefore, there is no possible absorption in the fluid, given that no laser radiation reaches it [28].
Thermal cavitation bubble
Even though the direct interaction between laser and fluid was rejected, heat conduction may allow the formation of a vapor bubble inside the mass of fluid. Typical times in thermal conduction effects (in the scale of μs) would fit the scale time of the effects observed.
The heat transmitted by the laser pulse might also be the source of the unexpected effects, only if the temperature reached is high enough to vaporize an amount of liquid, resulting in a vapor bubble which pushes the fluid to transfer. Despite the thermal conductivity of the mixture gets worse as glycerol percentage increases [41], the variation in its vapor pressure [23,24] makes water the most adverse case for thermal vaporization of the fluid.
A thermal model was set up in COMSOL 5.3a, and the heat transfer is ruled by the following equations [42]:
     (17)
     (18)
The laser pulse is modeled as a Gaussian function, and its energy is attenuated by polyimide reflectivity and glass absorptivity. The domain edges allow the heat flow to escape. Numerical simulations have been computed considering the properties of thermal conductivity for commercial silica glass (Thermo Scientific Menzel-Gläser Microscope Slides) and polyimide layer, as well as a polyimide reflectivity of 0.04 and glass absorptivity of 0.09. In the model, the laser spot radius has been set to 18 μm long and its temporal width lasts 12 ns, according to the experimental values. The typical laser pulse energy for this study (20 μJ) was chosen.
Its analysis shows that the maximum temperature in the interface between the polyimide layer and fluid (water, for this study) is about 70 oC. It does not reach water’s boiling point at ambient pressure, as shown in Figure 8. Thus, the possibility of a bubble generated by heating conduction is rejected.
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Fig 8.- Thermal analysis of BA-LIFT transference. The graph in the left shows the temperature over time at the interface polyimide-water, where the bubble is expected to be generated. In the map at the right is plotted the temperature throughout the whole domain at the time of maximum temperature in this interface.
Blister rebound
Once rejected the possibility that thermal physics were not beneath the genesis of the bubble, mechanical cavitation caused by a late blister rebound is considered. It has been reported that an abrupt movement of a wall inside a fluid can cause a depressurization that evaporates the fluid [44]. In the case of BA-LIFT, a depressurized area would be generated assuming that the blister would act as a piston owing to its elastic behavior. When it goes back, it would empty the interface between the fluid and the polyimide and would induce the vaporization of a small volume of the fluid at the times at which it has been observed.
By the acquisition of images of the blister, similarly to the study done to model the movement within the first microseconds (Figure 2), the study of the times for which the rebound should appear –around 10 μs– was made. Nevertheless, after measuring the images, no rebound was observed further than the elastic peak in the initial microsecond. The blister is modeled to be static after that initial movement. Blister evolution is plotted in Figure 9 for its 20 first μs.
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Fig 9.- Blister measurement for 20 μs after laser pulse. No further effect is seen apart from the elastic peak.
Depressurized cavitation bubble
Another kind of cavitation happens in a fluid owing to its velocity. Huge values of accelerations and speeds may lead the fluid to cavitate during BA-LIFT transference, as it happens on the surface of the mechanical parts of a water pump [45]. Figure 10 shows the pressure field at 0.1 μs for two cases (fluid thickness of 20 and 30 μm) of a BA-LIFT case at 19 μJ considering an intermediate viscosity water-glycerol mixture (66 %wt glycerol; 13 mPa·s [22]). It can be seen that the pressure falls below water-glycerol vapor pressure [23,24] just in front of the interface polyimide-fluid. On the contrary, for low laser fluence values, vapor pressure is only slightly lower than reference pressure. These results open the possibility of the generation of a vapor bubble for the first steps of transference.
[image: ]
Fig 10.- Depressurized zone due to velocity field at 0.1 μs after laser pulse. Pressure values are relative pressures. Two extreme cases are plotted: 20 μm of fluid layer (a) and 30 μm (b). Fluid properties (water-glycerol 66 %w) and laser pulse energy (19 μJ) are fixed for both cases.
Taking into account the thermal conduction effects reinforces the possibility of generating a bubble. If heat reaches the interface between polyimide and water, even when it is not high enough to make the fluid boil, it would help cavitation to happen, because raising the temperature tends to increase vapor pressure values [23,24].
Model improvement to simulate secondary effects
In the experimental images, at certain times, the flow grows wider than expected during the first stages. After a time, this bell-shaped structure seems to collapse, leading to the generation of secondary effects. The assumption that a cavitation bubble is generated in front of the blister owing to the velocity acquired by the flow implies that the fluid should expand in the first stages, as occurs in direct LIFT processes. When the bubble has grown till the point at which both inner and outer pressures equals, it starts to deflate, and the jet shape of the experiments with and without secondary effects are rather similar (Figure 12, 9.0 μs and Figure 6, 8-10 μs). After this moment, the bubble collapses provoking its implosion and pushing the fluid away again.
In the model, this second push is introduced as a full rebound of the blister. Though there is no real rebound, the effects of a bubble imploding can be closely replicated by the assumption of this second push. The adjustment based on the comparison with experimental images shows that the best results are gotten with rebound times near 9 μs. Despite the difference between the second push and a real vapor bubble, the pressure measurement of a cavitating bubble [46] is rather like the squared-first derivative of the temporal function proposed before, apart from a scale factor [47]. Both functions are plotted in Figure 11.
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Fig 11.- Modified temporal function that includes second rebound at 9 μs (up) and its squared derivative function (down).
5.4. 
BA-LIFT simulation considering secondary effects
This simplified model of the effects of the cavitation bubble reproduces the bulgy shapes closely by only introducing a second push that resembles the pressure peak, as shown in Figure 12. Each image has been chosen to show the main phenomena that take place. In the first row, the first image (Figure 12, 0.5 μs) compares the initial growth of the deformed shape: simulation and experiments are close. The second comparison in the series (Figure 12, 3.0 μs) shows that the experimental image differs from the simulation. The fluid develops actually in a much wider bell-like shape, due to the existence of a phase change when the vaporized mass is generated and expands itself. After a while (Figure 12, 7.0 μs and 9.0 μs), the over-expanded bell begins to collapse, and simulation and experiments come close again. In the second row, the burst of the bubble takes place. The first image (Figure 12, 9.0 μs) shows the time at which the implosion happens. Both experimental and simulated jets have almost the same shape. After the second push in the simulation and the pressure peak in the experiment, a bulgy shape begins to grow in the shape of small shoulders, as compared in the next two pictures (Figure 12, 10.0 μs and 12.0 μs). Finally, surface tension reshapes the modified jet and fluid detachment is seen in both experiments and simulation (Figure 12, 14.0 μs).
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Fig 12.- Comparison between acquired images and simulations considering water-glycerol mixture. Secondary effects are closely simulated assuming the second push. Two stages can be distinguished: bubble generation phase (upper row) and bubble burst phase (lower row).
At that point, only the first bubble implosion is considered, even though several further pressure peaks are considered to happen [46,48]. The subsequent movements of the next rebounds are not supposed to induce any relevant effect and are not taken into account. Despite the cavitation physics are not fully modeled but only the velocity fields that would appear when the former bubble collapse, the effects are closely reproduced for intermediate times.
Simulation of explosive effects observed in experimental image series
[bookmark: _Hlk31462929]The assumption of thickness variability due to experimental uncertainties, as explained before, enables the possibility of replicate further explosive effects, which are only seen in a single image due to the distribution of thicknesses, that appear in simulations for low thicknesses or high laser fluence. Figure 13 compares simulation (a) and experimental (b) pictures in the case of this regime of transference. The fluid layer thickness was set to 30±10 μm. In the model, these results were obtained for 20 μm thickness –within the measurement uncertainty– considering a laser pulse energy of 49 μJ. The viscosity of the water-glycerol mixture was intermediate (66 %wt glycerol; 13 mPa·s [22]). In (Figure 13, b), an image acquired for the described fluid shows explosive lateral jets.
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Fig 13.- Random explosive effects observed experimentally (b) and its simulation decreasing fluid thickness to 30 μm (a) for a 66 &wt water-glycerol mixture. Both simulation and experiment were run at 49 μJ. As the images are individually taken, there is no series that exemplify the generation of these lateral secondary jets.
Discussion of bubble dynamics in BA-LIFT
According to the accepted explanation of the dynamics of laser-generated bubbles in LIFT (without deformable intermediate layer), a big vapor cavity turns up after the laser pulse. Then, its cooling compress itself and two jets are generated: the most important one, pushing the fluid forward, leads the transference, and the secondary one, which is pointed to the inner face of the bubble, transforms the vaporized mass in a toroid shape.
Though these dynamics are commonly accepted in direct LIFT [38], similar effects are seen in BA-LIFT techniques, with no currently accepted explanation for now. A proposal for fluid movement during BA-LIFT is displayed in Figure 14. When the laser vaporizes the polyimide layer, it pushes the fluid forward. Due to this huge acceleration, a low-pressure area is generated in front of the blister, as Figure 10 exemplify, and then some fluid is vaporized. The bell-shaped structure of fluid (Figure 14, a) grows in both radius and height, and the jet is thus wider than expected (Figure 12, 3.0 μs). When the pressure inside and outside the cavitation bubble equals, the jet grows only in the axial direction (Figure 14, b), and only inertial-ruled expansion continues. Owing to this overexpansion, the cavitation bubble starts to collapse while the jet continues its expansion (Figure 14, c and d). When the bubble fully collapses (Figure 14, e), the jet shape is almost the same that it would have without the consideration of cavitation, as seen in the comparison between images and simulation in Figure 12, 9.0 μs. This collapse induces a second push due to the implosion of the cavitation bubble that generates the secondary effects described in this work (Figure 14, f).
[image: ]
Fig 14.- BA-LIFT qualitative flow during transference. Generation and collapse of vapor bell is pointed out, as well as the further burst because of bubble implosion.
Conclusions
The BA-LIFT transference mechanism is ideally only mechanical, but it does not explain some observed effects that have already been described for direct LIFT transference. The transference from a layer of 30 and 70 μm of different concentrations of water-glycerol have been studied, and image series have been taken by shadowgraphy. Though only-mechanical-consideration models replicate the first microseconds of transference, there are some secondary effects that are not explained taking only this assumption into account. The analysis of the image series, as well as the comparison of the secondary effects that does also appear in direct LIFT transference, reveals that the behavior of the fluid is rather similar in both techniques. The cavitation of a laser-generated bubble in this last sort of process induces the hypothesis of the presence of an analogous cavitation bubble in BA-LIFT. For its study, four causes have been discussed as the cause of the bubble, and three of them are discarded through this work. The analysis of the absorbance of the intermediate layer rejects the possibility of direct interaction between laser and fluid. Through thermal simulations is seen that the generation of a bubble by heat transfer is not possible. At last, image series analysis of the blister that pushes the fluid away discards the chance of a mechanical rebound that lowers the pressure. The only remaining reason to generate a cavitation bubble is the depressurization of an area in front of the interface between the intermediate layer and the fluid, as finite-elements simulations support.
As cavitation phenomena have widely been reported, its effects are well-known. The inclusion of the effects of a cavitation implosion for intermediate times in the form of a second push in a BA-LIFT model makes the fluid acquire the shape observed in experimental images due to secondary effects.
A sensitivity analysis has been made to quantify the effects of the experimental fluid layer thickness variation of 10 μm in the transference. The simulations run within this experimental range are able to even replicate the explosive lateral jets observed under certain conditions in the acquired image series. The proposed enhanced model can simulate each experimentally observed transference regime. A fluid movement explanation, considering that a cavitation bubble may appear under some conditions, has been made to understand BA-LIFT process.
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