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Highlights 
 Narrowband oscillations of laser absorption precede multimodal oscillations 

 Melt pool hydrodynamics drive oscillations when laser is stationary or scanned 

 Simulations and X-ray imaging shows pore formation during multimodal oscillations  
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Abstract 

Laser melting technologies in welding and additive manufacturing, such as laser powder bed 

fusion, promises to revolutionize manufacturing. However, a challenge remains in preventing 

pore defects produced by melt pool instabilities, which degrade part quality. Using X-ray 

imaging synchronized with ultrahigh-speed (40 ns) absorption radiometry and coupled with 

high-fidelity simulations, we discovered that periodic oscillations in the melt pool’s morphology 

existed prior to a transition to chaotic and pore-generating turbulence. Over-extension by recoil 

waves followed by surface-tension driven recession created temporary pores that persisted longer 

in a multimodal regime. This non-linear hydrodynamics exists in both shallow and deep melt 

pools, but most strongly affects the latter. Early prevention of this transition will help improve 

the quality of manufactured parts. This work demonstrates that remote sensing of these 

oscillations is possible by very high time resolution total light scattering measurements, which is 

more readily achievable in an industrial setting than 2-dimensional melt pool imaging.  
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1. Introduction 

―Turbulence is the most important unsolved problem of classical physics‖[1]. It is 

characterized by chaotic spatiotemporal fluctuations of state, such as pressure and velocity fields 

for a flowing fluid, and therefore it is challenging to understand in detail. Unfortunately, it is 

ubiquitous at all scales ranging from astronomical [2] to quantum [3]. Therefore, if neglected, it 

hinders the rapid development of new technologies [4,5]. Laser powder bed fusion additive 

manufacturing (LPBF AM), i.e. metal 3D printing, promises to revolutionize manufacturing by 

making complex parts economically and quickly [6]. However, it faces the challenge of 

minimizing melt pool turbulence [7], which in strong form appears as a highly fluctuating, or 

unstable, keyhole (deep and narrow melt pool). Keyholes arise in certain laser power-scan speed 

regimes [8,9] and generate undesirable pores that can ultimately lead to defective final parts [10].  

During the LPBF printing process, a laser scans 2D patterns over a thin metal powder 

layer on a plate substrate. The laser creates a micrometer sized (~100 m) melt pool that fuses 

the powder along the scan track. Upon solidification, a 2D layer of a part forms. Optimal process 

parameters create stable melt pools, and acceptable final part densification (> 99%). However, 

this is challenging to achieve. The fusion zone is dominated by a highly dynamic fluid flow that 

creates fluctuations in the amount of absorbed light. Spatter particles, resulting from gas 

entrainment and melt pool ejections [11–14], contribute additional instability to an already 

sensitive environment through a laser-spatter shadowing effect [7]. It is then easy to find 

conditions that exacerbate pore-generating melt pool turbulence, which add to the challenge of 

diagnosing and eliminating pores. Subsequently, these pores ―lurk‖ beneath the surface, ready to 

seed a catastrophic mechanical failure.  

Observations of keyhole dynamics have been greatly enhanced by recent applications of 

high brightness X-ray sources for high-speed X-ray imaging during laser processing. Some of 

these have reported keyhole fluctuations at higher laser irradiances and/or slower scan speeds 

[9,15] – process regimes that have been associated with pore defect formation. Here, we probed 

the keyhole fluctuation with ultra-high time resolution (25 MHz), uniquely afforded by the 

integration sphere technique. This allowed us to not only observe two distinct oscillatory 

regimes, but also resolve an abrupt shift between them in operando. This, combined with the X-

                  



   
 

   
 

ray imaging data and a high-fidelity multiphysics simulation, revealed the oscillatory melt pool 

dynamics in detail. The transition in keyhole fluctuation behaviors occurs over a narrow laser 

power range and is brief in time, which made it elusive to previous investigations. We found this 

transition in stationary laser beam exposures, as well as scanning conditions (unsteady and 

steady) found in LPBF AM or welding. This is encouraging since the small melt pool size and 

short time scales (~1 ns) create a challenge to practically monitor sub-surface turbulence. These 

oscillations can then be detected live by equipping 3D printers with backscattered light or probe 

beam sensors in order to rectify scanning conditions on-the-fly through feedback control to 

prevent pore-generating turbulence.  

                  



   
 

   
 

 

Figure 1. a Coupled X-ray imaging and integrating sphere radiometry correlate time resolved 

absorptivity data to melt-pool depression morphology for a stationary laser (108 W  1.4 W). 

The image features identified in iii generally apply to the other images as well. The transition to 

pore-generating turbulence is marked by the rise of a periodic oscillation. As turbulence evolves 

beyond 1.25 ms, temporary pores form frequently. b A histogram of fast-short time Fourier-

transform spectrograph of absorptivity shows the decomposition of frequency over time. A 

narrowband frequency regime dominates early (0.75 ms -1.25 ms) with the fundamental (lowest 

periodic signal) frequency identified. A faint instantaneous second harmonic (double of the 

fundamental at a given time) is also present early. After ~1.25 ms, a multimodal regime defined 

by a broadband superposition of different frequency modes dominates. This signals the  

transition to pore-generating turbulence, where pores persist over multiple oscillations (Figure 

S2). 

                  



   
 

   
 

  

2. Experimental and Modeling Methods  

We used a three-dimensional, high-fidelity multiphysics model to explain the physical 

mechanism behind the periodic oscillations. This thoroughly validated model [7,16,17] is 

coupled with high-speed X-ray imaging and integrating sphere radiometry to relate temporal 

absorptivity measurements in Ti-6Al-4V to the melt pool state (supplementary materials). The 

material’s temperature-dependent absorptivity remains the main input assumption in modeling, 

and is a difficult quantity to measure [18–20], and therefore a calibrated, constant value is used 

[21,22]. Using ALE3D-4i [16], the current high-fidelity simulation model eliminates this 

approximation by coupling the thermal and hydrodynamic flow to a full laser ray tracing based 

on [23] while using temperature-dependent material properties. Hence, the absorptivity becomes 

an output that we can quantitatively compare with experimental integrating sphere results. We 

calculate the laser absorptivity (Abs.) as absorbed laser power divided by input laser power. The 

modeled Abs. can slightly deviate from the experiment due to simplifications made to amortize 

the computational expense of running a high-fidelity simulation. The laser is oriented at 7
o
 

incident to the flat plate to match the experiment. However, the simulation box size is much 

smaller than the actual experiment. We also do not account for the vapor phase or production of 

weak plasma. A static laser will interact with the vapor plume longer, and thus will be more 

attenuated than the traveling laser case. Therefore, the heat dissipation process is different as 

well. We expect the simulation to produce a hotter melt pool, which affects the periodicity of the 

oscillations. However, the physical mechanisms driving the process will of course be the same.  

  The addition of powder particles on the surface will not change the physical mechanisms 

that created the oscillations. During the static scan or turnaround, the amount of energy focused 

on a single spot will cause immediate melting of powder on the surface. This increases the liquid 

volume at the surface close to the depression’s opening. This can affect the frequency of the 

oscillations by increasing the period (decreasing the frequency), since a larger volume (inertia) 

has to move and oscillate. Indeed, in the experiment (Figure 1), we noticed the period increased 

with time, since the melt pool size kept growing from localized static heating with similar effects 

being seen previously [19,24,25].  

  We refer the reader to the thermophysical data (thermal conductivity, specific heat, 

density, volumetric expansion coefficient, latent heat of fusion and evaporation) previously 

                  



   
 

   
 

published [26,27]. We note that the latent heat of evaporation is for pure titanium. The lack of 

latent heat of evaporation for Ti-6Al-4V introduces an uncertainty in the modeling of the balance 

of forces in the depression during the absorptivity rise and fall. The surface tension for Ti-6Al-

4V follows the work of Aune et al.[28] 

The high-speed X-ray imaging experiments were carried out at the 32-ID-B beamline of 

the Advanced Photon Source at Argonne National Laboratory with specific beamline details 

given in a previous publication [29]. The X-ray videos were captured at 50,000 frames per 

second with a 2.5 µs exposure time. The image analysis process has previously been fully 

described [30]. The Ti-6Al-4V samples were cut from NIST standard reference material (SRM 

654b, Titanium-Based Alloy, 6Al-4V. National Institute of Standards and Technology: U.S. 

Department of Commerce, Gaithersburg, MD 2013) feedstock with wire electric discharge 

machining. These samples were 5 mm tall but only 300 µm thick to allow sufficient X-ray 

penetration. All sides were polished to achieve a smooth, specular finish. The laser used was a 

commercial fiber laser operating at 1070 nm wavelength, capable of a maximum of 500 W 

continuous laser power. The laser was focused at the sample surface to a measured spot size of 

49.5 µm ± 5 µm (1/e
2
).  

The integrating sphere method as applied to laser processing has been fully described in a 

previous publication [19] and only a brief description is given here. A diagram of the experiment 

is given in the supplemental information Figure S1. A 3-inch inner diameter sphere was 3-

dimensionally printed out of plastic, with a diffuse scattering inner surface generated with a 

combination of the native surface roughness and a spectrally flat coating. The focused high-

power laser entered at a port at the top and the sample was placed an opposing port on the 

bottom. These were designed such that the laser hit the sample at a 7° angle of incidence, which 

ensured that the initially strong specular reflections were captured by the sphere. A photodiode 

was fiber-coupled to the sphere surface for detection, and a 1070 nm bandpass filter was placed 

in front of the photodiode sensor. The detection system was calibrated for absolute responsivity 

with samples of known specular and diffuse reflection, and it has a time resolution of 40 ns. The 

full uncertainty in the absorptivity measurement is 1.3 % (coverage factor of 1). The sphere and 

sample were positioned in the laser process chamber such that the X-ray beam transmitted 

through the sample, laser scan path, and laser poynting vector are all orthogonal [31].  

                  



   
 

   
 

Frequency analysis of the high-speed integrating sphere data was accomplished by short-

time Fourier transform (STFT) analysis as presented in the spectrograms in Figures 1 and 3, and 

supplemental Figure S1, S2, and S4. These were computed over time regimes that exhibited 

oscillatory behavior. A 256 data point range with 128-point overlap was used for each time 

interval along with a Hanning window. 

 

3. Results and Discussion 

3.1 Transition to pore-generating turbulence 

We first show the periodicity for a stationary, constant power laser (108 W  1.4 W; 

diameter = 49.5 m ± 5 µm (1/e
2
)) incident at 7

o
 to a Ti-6Al-4V flat plate. Ultra-high temporal 

resolution (40 ns) offered by integrating sphere radiometry system (ISR) [19] revealed 

oscillations in the time-dependent absorptivity (Figure 1). The periodic oscillations are stable for 

a short time (~250 µs) before transitioning to a multimodal regime. The observed frequencies 

were well below the Nyquist frequency (12.5 MHz) of our system ensuring that aliasing is 

avoided. Simultaneously obtained X-ray images [31] mark this transition with the frequent 

appearance and disappearance of temporary pores (See Supplemental Movie S1). We observed 

this transition over a narrow power range (96.6 W - 119 W), and the temporary pores persisted 

longer as the power or time increased (Figure S1).  

We used a three-dimensional, high-fidelity multiphysics model to explain the physical 

mechanism behind these periodic oscillations. The simulation shows that the periodic variations 

in the depression and the top surface melt are synchronized with the periodic absorptivity 

oscillations (Figure 2a-b; Movie S2) and reveals how the oscillation mechanism is driven by a 

tug-of-war between two opposing surface forces: surface tension and recoil pressure. The 

simulation figures (Figure 2c-e) are complemented with select high-speed X-ray images and ISR 

plots with red circular markers to relate temporal absorptivity measurements to the melt pool’s 

depression morphology. 

The absorptivity is at its peak in (Figure 2c, 406 s) because a maximally wide and 

extended depression encourages more multiple laser reflections (energy depositions). In this 

metastable state, the absorbed energy density (energy per area) is not uniform. Cold spots (green-

yellow pseudo-colors) close to the top of the depression indicate a dominant surface tension 

                  



   
 

   
 

force that is closing the top and pulling surface flow from the bottom hot to top cold regions via 

the Marangoni effect: The depression is in recession at 410 s. The absorptivity hits a minimum 

when the top of the depression has narrowed into a tight channel  (Figure 2d, 416 s) that limits 

further laser light from penetrating the depression and keeping the absorptivity high due to 

multiple reflections . However, the absorptivity starts to rise 2 ms shortly after (Figure 2d, 418 

s) when a recoil wave develops instantaneously at the top, narrow channel and travels quickly 

to the bottom at ~20 m/s (Supplemental Movie S2). The wave appears when the surface tension, 

which has almost vanished over the boiling top narrow channel, is suddenly overtaken by an 

exponentially rising recoil pressure (exponential in temperature). The depression widens and 

elongates, allowing more light to perform multiple reflections. The narrow channel in Figure 2d, 

420 s breaks the depression into hot and cold halves. The dynamics in the cold half is 

dominated by the surface tension force which acts to decrease the surface energy by decreasing 

the surface area, which is achieved by a spherical pore geometry. The velocity vector field in the 

bottom half is pointing inwards, towards the inside of the depression, which indicates that the 

surface tension is pulling the surface inward in order to close the channel. The bottom half may 

break away from the top half (Figure 2d, 422 ms), hence creating a temporary pore. As the recoil 

wave travels further down, it forces any temporary pore at the bottom to merge with the 

extending depression (Figure 2d, 427 ms). The lack of inertia resistance inside the pore, causes 

the wave to converge sharply at the bottom, creating a pointed end (Figure 2e). The resulting 

over-extended depression signals the start of a new cycle. Along with these keyhole 

hydrodynamics, the top surface melt pool oscillates in-sync with absorptivity as the top views in 

Figure 2c-e and Supplemental Movie S2 show periodic outward and inward motion.  

It should be noted that melt pool oscillations have been observed by many groups first in 

welding and later in AM with a good literature review found in [32]. The mechanisms of the 

oscillation, as well as the frequency, is related to processing conditions and melt pool 

dimensions. In other words, not all oscillations result from the same phenomenon and the 

measurements and analysis here are restricted to keyhole cavity oscillations under conditions 

relevant to LPBF AM. 

                  



   
 

   
 

  

Figure 2. a Simulated absorptivity (Abs.) for a stationary constant laser power (108 W). The letters c-e 

cover variations in the depression’s morphology during a single period covered in panels c-e. b A peak in 

the Fourier-transform of a indicates a periodic signal. c Absorption is at its peak for a maximally 

extended and widely open depression. Later, the surface tension creates a necking on top, which closes 

the opening and causes a collapse in absorptivity d A recoil wave forms and extends the depression and 

merges it with a temporary pore that previously broke away at the bottom. The traveling wave increases 

the absorptivity. e The cycle starts anew with a cooling on top. The velocity vector field V[m/s] is applied 

to the depression’s surface (semi-transparent) and the color scale is maxed at 5 m/s for visual clarity 

(Supplemental Movie S2). 

                  



   
 

   
 

 

3.2 Periodicity during raster scan 

The periodic interplay between recoil pressure and surface tension is not limited to a 

stationary constant laser power. We observed oscillations during steady and complex (non-

steady) laser scans (Figure 3, Supplementary Figure S4, Supplemental Movies S3 and S4). 

Figure 3a subdivides the absorptivity of a single laser track into three regions. As the laser power 

ramps up, few oscillations (~25 kHz) set in, signaling initial turbulence and a micro-pore (~3 m 

at 244 s, Supplemental Movie S3). However, the oscillations fade (damped oscillations) as the 

scan enters a steady state and no further pores are generated. During these oscillations, the 

absorptivity maxima occurred when the back of the depression formed an inverted ―S‖ shape 

(bottom depression extends backward) that extended and receded repeatedly (Figure 3b, 319 ms - 

402 ms, Supplemental Movie S3) under the action of surface tension and recoil pressure. Similar 

morphological variations and damped turbulence at low frequency (25 kHz) are observed 

experimentally for a steady laser scan at 261 W  3 W and 700 mm/s (Figure 3c, Supplemental 

Movie S4). Additional experimental evidence for steady state oscillations was found in reference 

[9] in the X-ray movie S9  (84 W, 200 mm/s, laser spot ~100 m). Here, vertical fluctuations 

resolved at 20 s time intervals, appear to be periodic and produce only temporary pores 

(compare oscillations to our Supplemental Movie S1). By slightly increasing the energy density, 

in Movie S8 [9] (84 W, 150 mm/s), more temporary pores and some frozen ones appeared, 

which signaled a transition to the multimodal regime. 

As the laser decelerated in order to reverse direction at the turn-around location (Figure 

3d), it behaved as a quasi-stationary beam. The high fundamental frequency of ~50 kHz, similar 

to Figure 1 and 2, signaled a transition to turbulence and temporary pore formation. Just as the 

laser accelerated to the left, exiting the turn-around location, Figure 3e reveals that the temporary 

pores were caught by the moving solid-liquid front and therefore froze in place. A lower power 

[7] or slower acceleration at the turn-around exit can prevent this. This transition in turbulence 

explains why pores appear after the turn-around location [33] and agrees with [9] as pores may 

form at the tip of the depression. 

                  



   
 

   
 

 

Figure 3. a Single laser track simulation shows oscillations in transient melt pool states. The power and 

scan speed vary along the track according to supplementary Figure S4. b Damped low frequency 

oscillation (25 kHz), as the melt pool starts to travel to the right, indicates a decay in turbulence and no 

pores. The black arrows indicate oscillatory motion. c Coupled in-situ X-ray and integrating sphere (ISR) 

experiments conducted at constant power and steady state show damped oscillations (25 kHz) that are 

morphologically consistent with b. No pores are detected as the damped oscillations disappear over 

                  



   
 

   
 

time (Supplementary Figure S2). d The laser is almost stationary as it reverses scan direction at the turn-

around. High frequency periodic oscillation (period ~20 s, 50 kHz), signals turbulence and temporary 

pores form. e As the laser exits the turn and moves back to the left, a temporary pore is caught by the 

solid-liquid melt pool boundary (red) and freezes (Supplemental Movies S3-4). 

 

4. Conclusion  

Pores are a persistent nuisance to laser melting technologies. We have discovered that pore-

generating turbulence is preceded by narrow frequency periodic oscillations in the melt pool depression 

(liquid-gas interface) that is readily detected by ultrahigh-speed backscattered laser light measurements. 

Therefore, such real-time monitoring for melt pool oscillatory extensions and recessions, as power 

and/or scan speed are varied or maintained fixed, can potentially prevent pores as oscillations foretell 

the arrival of pore-generating turbulence. The addition of powder (LPBF) may randomly introduce 

additional transient perturbations caused by large spatter-laser interactions [7], making high-frequency, 

real-time sensing more of an imperative. Ultimately, these sensing strategies must make use of high-

temporal resolution in situ detection techniques that produce, low-dimensional, easy to interpret data, 

and that can be integrated into an industrial LPBF instrument. A backscattered laser light-based 

technique that gives qualitatively similar information to ISR could be one such technique. Deploying 

smart rectification strategies will enable smarter process control strategies, and ultimately more reliable 

final parts. 
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