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A B S T R A C T   

Material loss during keyhole mode laser welding often leads to surface imperfections that can negatively impact 
component performance. High-speed imaging identified four types of material ejection attempts: classical 
spatter, re-captured spatter, protuberances, and scalloping. The momentum attributed to the melt body, which is 
influenced by the keyhole properties, dictates whether the ejection attempt is successful or if the material is re- 
captured. The relationship between the dynamics of the keyhole and melt pool was elaborated in an extended 
systematic description of melt ejection attempts, which were then classified. Ejection attempts were often 
observed to be proceeded by a co-current swelling of the melt, adjacent to the keyhole, followed by a melt 
depression. The melt swell would elongate into a melt column with a concentration of momentum, where 
excessive momentum causes the melt to neck and separate into spatter. Trajectory determines if the spatter 
becomes a permanent fixture or re-incorporates into the melt body, with the latter having the possibility to cause 
further melt body disturbances leading to more ejection attempts. If the melt column fails to neck and separate, 
or an additional force acts upon the column, a protuberance or a scallop could then form. Keyhole and melt pool 
fluctuations were sometimes observed to be accommodated, avoiding material ejection. In these cases, a stable 
weld could be obtained with large variations in the dimensions of the melt pool and the keyhole.   

1. Introduction 

Several spatter-like ejection attempts from keyhole mode laser beam 
welding (LBW) are here systematically studied with respect to the dy-
namic melt pool and keyhole. Autogenous LBW is a widely applied 
fusion technique to join various materials, with two modes of welding, 
conduction and deep penetration keyhole mode. Either mode can cause 
welding imperfections under many different processing conditions, with 
surface imperfections being of major concern. An imperfection can lead 
to the need for post-processing operations like machining the surface, 
which is a costly effort. Under-filling, one type of imperfection that leads 
to unsatisfactory mechanical properties, is the result of root sagging or 
humping, material vaporization, and material expulsion. The complex 
interactions between the keyhole and the melt pool are not fully un-
derstood in terms of melt ejection attempts (that can lead to further 
imperfections other than spatter), which are hardly studied. By studying 
the causes of material ejections, methods to prevent or counter-act their 
formation can be employed. Specifically, the impacts of processing 
conditions on the stability of the keyhole that leads to ejection attempts 
from locations around the keyhole need to be explored. 

Many terms can be used to describe the event of melt being expelled 

from the melt pool (melt body) with the most elementary being an 
ejection event and the more common term of spatter. Spatter particles 
can be described by many different aspects such as size, velocity, ejec-
tion angle, etc. Advances in continuous wave (cw) high power and high 
brilliance fiber lasers have decreased spot sizes, which lead to increased 
power densities. This usually causes conditions of steeper temperature 
gradients, a smaller keyhole, stronger ablation forces/pressures, and 
stronger forces induced by faster vapor flow. In the case where surface 
tension prevents the separation of a spatter particle, the melt column can 
then extend beyond the weld bead. When solidifying it generates new 
types of imperfections, here termed protuberances or scallops (scallop- 
shaped projections), which are seldom studied in LBW. 

1.1. Identified spatter regimes 

Franz et al. [1] investigated the influence of spot sizes on the process 
stability for zinc-coated lap-joints, with smaller spots leading to welds 
with reduced imperfections. The high power density avoided keyhole 
collapse, which is a known cause of spattering. A similar conclusion was 
obtained by Huang et al. [2] who used a computational fluid dynamic 
(CFD) model to study high-velocity welds performed on aluminum 
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sheets. A reduction in spatter formation was associated with a more 
stable keyhole and a stable welding depth. Keyhole stability was influ-
enced by directing shielding gas flow towards the rear keyhole wall by 
Schmidt et al. [3,4] during high-velocity welds of stainless steel where 
the internal keyhole pressure was balanced by the shielding gas. The 
process was observed through Schlieren videography and high-speed 
imaging (HSI) leading to a description of four regimes of material 
ejection. The low spattering regime was observed in low gas flow rate 
conditions, while the high material ejection regime was induced by high 
gas flow rates. The material ejections included irregular adhesions and 
spatter. Keyhole pressure was used to explain influences in keyhole 
shape, alteration of the absorbed energy, and effects on the fluid dy-
namics through applied forces on the melt pool. This led to melt flow 
reversal, reduced melt swelling, and an elongated melt. The spatter 
ejected in this case was mostly re-captured by the melt pool. Categori-
zation of various types of spatter was further developed for varied 
ambient conditions. Rominger et al. [5] investigated the influence of 
ambient pressures between 0.1− 1 bar and welding velocities of 1− 20 
m/min on the mechanisms of spatter formation. The various welding 
speeds allowed for the categorization of three melt column regimes: 
thermal, dynamic, and front. Threshold conditions for material ejection 
and theoretical descriptions were developed. 

1.2. Observation of melt ejection behavior 

Pressures and melt flows influence the formation of melt columns 
and ejections from the melt columns, as well as their trajectory. Huang 
et al. [6] statistically derived spatter trajectories and velocities from HSI 
for aluminum finding two characteristic ejection paths, a forward and 
backward path in relation to welding direction. The spatter movement 
was related to the vapor plume induced pressure, with the molten metal 
forced upwards by hydrodynamic pressure and induced shear forces. 
The melt flow behaviors are similar to what was observed by Kawahito 
et al. [7,8], using in situ x-ray transmission imaging. The melt flows that 
led to spatter ejections were derived in the melt body volume. They 
noted that a long molten pool could both suppress and accommodate 
spattering in deep penetration welding (up to 20 mm). When the spatter 
momentum was insufficient and the trajectory path was contained above 
the melt, the spatter could be reabsorbed. A displaced melt pool at 
higher welding speeds was correlated to an increase of spattering. 
Kawahito et al. [8] further characterized high-velocity welds (25− 250 
mm/s) for imperfection suppression, like porosity and under-filling 
caused by spattering. The flow circulation was determined to be sensi-
tive to the welding speed, which led to the formation imperfections. 

1.3. Calculation of melt dynamics 

Threshold conditions for material ejection were further studied 
through numerical models. A 3D, numerical CFD model was designed by 
Wu et al. [9] that found a droplet escape condition, resulting from the 
shear stress experienced by the melt due to the metallic vapor flow. 
Surface tension and the recoil pressure were the two main factors in 
spatter formation. This was indicated by a swelling of melt behind the 
keyhole in the CFD model. Consideration of the melt dynamics, the 
vapor dynamics, and the laser-material interaction were taken into ac-
count by Deng et al. [10] in a CFD modeled lap joint of zinc-coated 
sheets. Computational methods are often supplemented with visual 
methods such as high-speed imaging (HSI). Zhang et al. [11] used HSI 
with horizontal quartz glass at the line of symmetry in the melt pool. 
Internal keyhole imaging allowed observation of micro-droplets that 
became high-speed micro-spatter. Melt flows and the rear keyhole wall 
shape, including melt swelling at the cap, were studied in depth. The 
same spattering mechanisms were studied for titanium by Nakamura 
et al. [12], where spatter was formed over a 20 ms duration from a melt 
column, the elongated molten metal from the melt body, around the 
keyhole inlet. The keyhole boundary was partitioned into four equal 

azimuthal quadrants for statistical spatter ejection analysis. 

1.4. Statistical evaluation of ejection events 

Tracking imperfections in real-time, and the indicators to their for-
mation, is important for many industries. Machine vision algorithms 
were created that can detect spatter during processing and observe the 
formation differences from process parameter variation. Haubold et al. 
[13] utilized such a method when studying spatter quantity and size 
from an oscillating beam, where oscillation effectively reduced spatter 
formation. A link to spatter quantity and a corresponding standard de-
viation allowed a more robust process to be constructed while increasing 
repeatability. A machine vision approach was utilized to further study 
oscillating beams for spatter tracking and ejection angles by Schweier 
et al. [14]. Three formation mechanisms were identified in the study: 
material ablation, laser spot re-entry into the melt pool (oscillating 
beam), and through melt pool dynamics. 

1.5. Related knowledge from other laser processes 

Keyhole stability is not unique to autogenous LBW, as it is important 
to any process that utilizes laser beams. A laser-arc hybrid welding 
process was studied by Wang et al. [15], where the penetration depth 
influenced keyhole closure, which was then correlated to spatter for-
mation. Yin et al. [16] studied weld imperfections in the HSI of laser 
powder bed fusion (LPBF). Imperfections were in the form of protrusions 
(protuberances, similar to what was described by Schmidt [3,4] and Ly 
et al. [17]), melt depressions, and spatter. These imperfections arise 
from similar mechanisms, namely boiling action along with ablation 
pressure, droplet ejection behavior, and backward melt surging 
(swelling). The angles and velocities of backward ejected spatter, and 
their associated parent melt columns, were found to match the angles of 
the depressions. Additionally, the vapor recoil pressure was quantified 
by the deflection of forward-ejected spatter. 

Current literature often focuses only on a few aspects that can 
contribute to classical spattering. With the widespread utilization of the 
laser, it is important to form comprehensive relationships between the 
different processing zones so that a greater knowledge of quasi-steady- 
state processes is obtained. A general understanding of material ejec-
tion attempts would provide a greater awareness of the complex fluid 
motions while exploring robust operating conditions. Towards this 
purpose, this study aims to identify the dynamic mechanisms of the melt 
body and keyhole that leads to a material ejection attempt, which can 
form imperfections other than spatter. The observed ejection events and 
attempts are studied and then categorized based on their origin and 
identifying qualities. The general trends applicable to imperfection 
formation are discussed. 

2. Methodology 

A 1.7 mm spring steel backing (20 mm wide) was welded to a square, 
1.7 mm thick high-speed steel wire in a close-to-zero gap, butt-joint 
configuration. Investigation into the mechanisms of spattering is 
necessary to increase the quality of welds produced. 

2.1. Equipment and experimental procedure 

A single experimental set-up was used with a schematic of the 
welding fixtures and imaging equipment given in Fig. 1. Fixturing 
ensured a constant pressure so that neither the spring steel backing nor 
the high-speed steel wire distorted significantly during processing, 
maintaining a close-to-zero gap. Stationary HSI equipment filmed the 
welding process perpendicularly at an angle of 45◦ from the vertical 
plane. 

An IPG YRS-5000-S2T-Y16 Yb:fiber laser (wavelength 1070 ± 10 
nm) with a 5 kW maximum power output, generated the laser beam, 

S.M. Robertson et al.                                                                                                                                                                                                                           



Journal of Manufacturing Processes 67 (2021) 91–100

93

utilizing a process fiber with a diameter of 100 μm (beam parameter 
product 3.3 mm⋅mrad). An IPG FLW D30 L optics with a 100 mm 
collimating lens and a 150 mm focusing lens refined the beam to a ⌀-150 
μm spot which was aligned to the center of the butt-joint gap. The optics 
were inclined by 7◦, in the pushing orientation. N2 shielding gas was 
supplied to the weld cap from a ⌀-10 mm tube in the dragging orien-
tation and to the weld root by filling the fixture cavity at the same flow 
rate. 

A 3-axis ISEL Flatcom L150 CNC system controlled the optical set-up 
(x, y, z-axis) and the linear motion table (b-axis, parallel to x-axis, 
clamped samples), each having a maximum travel speed of 10 m/min. 
There is a relative maximum of 20 m/min between the x-axis and the b- 
axis. The summary of welding parameters and beam characteristics are 
given in Table 1 for six cases in a study of twenty. The experimental 
design evaluates the effects of focal position and travel speed on the 
mechanism of material ejection. 

2.2. Analysis 

HSI was the primary source of analysis with supporting observations 
from optical microscopy. A Photron Fastcam mini UX100 camera was 
used and equipped with a Nikon 200 mm f/4 macro lens. The camera 
filmed at 16,000 fps with a shutter speed of 1/200,000 s. A continuous 
wave illumination laser (808 nm) with 100 W maximum power illumi-
nated the process zone. A matched narrow band pass filter blocked the 
process light. Analysis of the videos occurred in three observation and 
identification subsets: ejection events, melt pool events, and keyhole 
events. Every analysis began with replaying the films at low frame rates 
(5–20 fps), marking times when melt is ejected, upwards and outwards, 
from the weld pool body. Spatters ejected from the weld root were not 
filmed and will not be evaluated. 

Locations across the weld were identified for streak imaging analysis 

through the open source software FIJI, distributed by ImageJ. Streak 
imaging is performed by selecting a point in the frame of a video, then 
taking that row and column out of every frame to generate a concate-
nated image of the XY plane and the YZ plane. This was performed semi- 
automatically using a tailored algorithm from the FIJI software. The 
locations for this study were selected at the center of the keyhole, the 
melt pool boundary, and a region away from the weld bead at a distance 
where only spatter/protuberances are visible. 

3. Results 

The observed ejection attempts (events) are outlined in Section 3.1, 
with their connecting melt pool events given in Section 3.2, and the 
keyhole events that preceded them in Section 3.3. 

3.1. Ejection events 

Four different ejection types were observed, depicted, and Arabically 
numbered in Fig. 2: protuberances (1), a lateral hump above the parent 
material that resembles a scallop (2) in shape, re-captured spatter (3), 
and spatters (4). Consequently, the stable welding scenario is numbered 
as (5). The classical spatter is identified as a globule of weld material 
that is separated from the melt and fuses to the parent or weld metal 
(ISO/TS 15011-6:201, [18]). A protuberance (1) is described here as a 
long projection of a laterally ejected melt column (Fig. 2b) that fails to 
separate from the melt body (HSI, Fig. 2d) and becomes a surface 
imperfection that is an extension of the weld bead. The term protuber-
ance has been previously used to describe the elongated melt prior to 
solidification by Ly et al. [17]. In the instance where this elongated melt 
becomes solidified on the weld bead, standard terminology does not yet 
exist. Therefore, the use of the term protuberance was continued to 
describe the general shape of both the melt and the solidified projection. 

Fig. 1. (a) Experimental set-up schematic with (b) magnified processing zone. a. laser optics, b. high-speed camera, c. illumination laser, d. laser beam, e. steel wire, 
f. steel backing, g. support structures, h. clamp, i. tack weld, j. gas tube. 

Table 1 
Summary of Weld parameters and beam characteristics.  

Weld ID Power Travel speed Line Energy Focal position Beam diameter Power density Gas flow rate  
[kW] [m/min] [J/mm] [mm] [mm] [kW/mm2] [l/min] 

1 5 10 30 2 0.313 47.07 20 
2 5 10 30 0 0.300 61.85 20 
3 5 12 25 0 0.300 61.85 20 
4 5 12 25 − 2 0.313 53.05 20 
5 5 12 25 − 2 0.313 53.05 20 
6 5 12 25 − 2 0.313 53.05 20  
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A scallop (2) is similar to a protuberance in that the melt does not 
separate from the melt body, but differs in that the melt flows back into 
to the weld body and solidifies with the weld bead (Fig. 2b,c). Most 
notably, the scallop extension shares a long interface with the ideal weld 
bead. The scallop can either fuse to the parent material, as in Fig. 2c, or 
form a cold lap. Note, for the terms protuberance and scallop, a stan-
dardize definition does not yet exist, and the terms are used here to refer 
to the closest terminology through description of the imperfection 
shape. 

The top view of the keyhole was divided into four sectors from the 
preference of material ejection types (Fig. 2a): the front keyhole wall 
(region α), the keyhole edge (the mirrored regions β), and the rear 
keyhole wall (region γ). Melt could also be ejected from the center of the 
melt pool. This study focuses on the top view of the welding process 
while it considers the entire volume of the melt body and keyhole. 

The material leaving from keyhole region α was high-speed spatter 
ejections. Material ejected from region β and γ of the keyhole were a 
range of spatter types with various sizes, velocities, and difference 
ejection angles as well as protuberances and scallops. Material that was 
ejected from the melt pool was often low velocity spatters or scallops 
(Fig. 2c). Different shapes (amorphous) of emerging melt can be 
distinguished from the melt swell (wave-like) and the melt column that 
can be reabsorbed into the melt body. The appearance of these imper-
fection types (1, 2, 4) are shown schematically in Fig. 2a and physically 
in Fig. 2b. Fig. 2d shows HSI sequences of the occurrence of each event 
type where the frames are 50 μs (type 1,3,4) and 60 μs (type 2) apart. 

Six steps (I-VI) can be identified, with specific conditions needing to 
be met before proceeding to the next step. The first step is a stable weld, 
the second a disturbance at the keyhole interface or in the melt pool, 
followed by the third where the melt swells adjacent to regions β or γ of 
the keyhole. The fourth step is the extension of the melt into amorphous 
extensions or columns, the fifth is separation or migration of the melt 
protrusion, and the sixth is imperfection solidification or melt recapture. 

The steps (I-VI) beginning from the stable welding condition (5) that 
lead to the respective imperfection categories (1–4) can be seen through 
the flow chart depicted in Fig. 3. Scientific literature has been referenced 
with respect to selected aspects. This flow chart is a comprehensive in-
clusion of spattering attempts extending from a previous systematic 
description [19] of spatter. 

The frequency and identifiers of the ejection events can be analyzed 
through streak imaging. To best knowledge of the authors, this is the 
first application of streak imaging to ejection attempts. By selecting a 
line of pixels from each frame of the HSI, changes at that specified 
location can be visualized as a function of time. The pixel array is 
concatenated in the XY (the horizontal plane of the image) or the YZ 
(vertical plane) to generate a resulting streak image. The differences at 
the location of the array, between each frame, is then visualized as a 
series of streaks. The streak image enables a different view of identifying 
the spatial and temporal context between dynamic events such as 
changes in the melt pool and keyhole characteristics. The length of each 
streak can then be measured for feature dimensions, such as the melt 
pool characteristics including the length of the melt pool, melt swells, 
melt depressions, and melt columns. The time between variations of the 
streak can be used to determine the frequency of an event. Due to the 
reduction of each image to a selected array of pixels, certain aspects that 
are observable in an entire still frame of a HSI can be missed. 

The streak image of Fig. 4b (the selected pixel line over the length of 
the video) and its magnified view in Fig. 4c was generated by selecting 
the highlighted pixel array location shown in Fig. 4a. Fig. 4a is 
comprised of two separate frames from a high speed video (at time t1 and 
in the subsequent frame t2), observing the melt pool and the keyhole. 
Similar frames can be seen in Fig.2d and sketched in Fig. 2a. Observable 
differences in the dimensions of the processing characteristics were 
measured, Fig. 4d, providing an alternative though limited view of the 
process. The array of pixels, highlighted in Fig. 4a, was selected from the 
centerline of the keyhole, allowing for the measurement of the keyhole 

Fig. 2. (a) Top view of the melt pool and spatter attempts; (b) top view of a weld bead; (c) weld cross-section with a scallop; (d) sequential high-speed images for four 
different ejection events: 1. protuberance formation, 2. scalloping mechanism, 3. a migrated and recaptured melt column, 4. spatter expulsion. Step-wise progression 
of an ejection attempt: I – stable keyhole, II – keyhole fluctuation, III – material swelling and melt column formation, IV – melt column necking, V – spatter separation 
or melt column migration, VI – solidified imperfections or reincorporation. 
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length, the melt column length, and the melt depression (Fig. 4d). These 
regions were individually selected using an algorithm based on a grey-
scale range and the related length values over time were tabulated. 

The streak images highlight a change in the keyhole length, the melt 
column length and the melt depression length prior to an ejection of 
spatter. Most prominently, the melt column length increases prior to 
ejection. The changing width of the process characteristics or frequency 
of their unique lines can then be used to describe if an event is sporadic 
or regularly occurring. The thick bright diagonal line presented in 
Fig. 4b is the melt forming the keyhole boundary and when the length 
extends as a melt column, the bright white areas highlighted in Fig. 4c, 
the melt boundary fluctuates and can become unstable. When the melt 
column ends with a vertical line below its location in the streak image in 
Fig. 4b, the melt extension leads to the formation of a permanent fixture, 
an imperfection. Periods of process stability are observed in the streak 
images with regions of large fluctuations that also have a regular 
appearance. Representative examples of the duration ranges of each 
event type, their associated changes in the keyhole length (ΔKH length) 
from the beginning of the event to the termination of the event, the 
measurement of the melt column (MC) height (projected camera view) 
or the melt pool (MP) length at the time of ejection creation, as well as 
the associated ejection angle is given in Table 2. The melt column was 
measured for event types 1–3, while the melt pool length was measured 
for event types 3 and 4. The ejection angle was measured (in the plane of 
the camera view) from centerline of the weld to the centerline of the 
melt column. 

3.2. Melt pool events 

The melt body as a whole includes the thin film preceding the 
keyhole as well as molten pool behind the processing zone. For the 
purpose of this study, the melt immediately surrounding the keyhole (in 
the front and the rear) will be considered part of the evaluation for the 
keyhole events. The observed melt body mass experienced many 
different flow patterns and changes in melt pool length, depending on 
the process parameters. Some observable features of the melt pool 
include oscillations or waves that move in two manners, one that is the 
depression of the melt in a periodic manner (undulations) and the other 
being a material transfer from the front of the melt pool to the rear. 
Additionally, oscillations can be observed in a lateral movement. 
Constructive oscillations that lead to large melt swells as well as 
destructive oscillations that lead to a calmer melt body were filmed. In 
the observed welding experiments, two main regimes were noted from 
the HSI: a small and slow rippling movement and a large, rapid oscil-
lation. These two oscillating regimes demonstrated stable welds, with no 
material ejections, for the observed time frames in Fig. 5. 

A swelling of the melt is one of the first hallmarks of the progression 
of material ejection attempts that constituted an active melt body that 
produced no spatter. The melt can be constricted to the swollen region 
that with other certain flow patterns could extend into a melt column. 
The small oscillations appeared to be minor disturbances to the melt 
surface, while large depressions were often followed by the ejection of 
material from the weld pool. It is probable that the smaller swells could 

Fig. 3. Flow chart for imperfection formation outlining formation steps I-V, imperfection categories 1-4, and the ideal stable welding condition (category 5). 
References: *a [5,6,10,19–24], *b [1,3,4,11,15,19,25,26], *c [1,3,4,6,8,25,27,28], *d [4], *e [9,12,34–36,13,16,19,29–33], *f [3,17], *g [4]. 
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lead to melt column formation through a synergetic melt flow, but for 
the researched cases, it appeared that the surface tension of the melt 
surface maintained a low topographical profile. 

A stable melt pool length was also observed with the smaller oscil-
lations. The large swells of melt (noted in the large height fluctuation 
case) redistributed material to generate each wave, allowing for the rear 
of the melt pool to solidify at varied rates. This led to a lengthening of 
the melt pool, as each wave peak arrived to the rear of the melt pool and 
a shortening when the depression between two wave peaks arrived to 
the rear. Examples of these melt pool length fluctuations are shown in 
streak images presented in Fig. 6, generated in the same fashion as the 
previous streak image, but on a stationary processing zone with the 
material fed into the zone. 

Fig. 6a shows a decreasing melt pool length over time (top to bottom) 
while Fig. 6b shows a melt pool that fluctuated rapidly in length that 
also produced ejections from near the keyhole (region β and γ). In 
Fig. 6a, the formation of a significant melt column (left of the keyhole) is 
less common, but smaller columns are periodic. This case also showed an 
active melt with relatively few ejections. In Fig. 6b, the formation of a 
large melt column is more consistent. 

Fig. 4. a) two selected pixel arrays, t1 and t2, that were extracted for streak imaging, b) the resulting XY streak image with highlighted box indicating the identifier of 
an ejection event, c) the streak image along the center of the weld to show: the keyhole (KH), the melt column (MC), the melt depression (MD), and the first melt pool 
swelling (MS) over time. d) Measurements of the first three regions with the two ejection events during the time period, highlighted. 

Table 2 
Representative examples of measurements of dimensions and durations for the four ejection events and the stable weld (MC: Melt Column, MP: Melt Pool, ΔKH length: 
Keyhole length difference).  

Event type Duration [ms] ΔKH length [mm] Melt extension [mm] Ejection angle [º] 

1. Protuberance 1.21− 1.51 0.36 1.10 (MC) 25.6 
2. Reabsorption 0.94− 1.25 0.05 0.74 (MC) 19.5 
3. Spatter 0.44− .0.75 0.20 0.74 (MC) 20.1 
4. Scallop 1.21− 1.31 0.64 3.38 (MP) 17.4 
5. Stable weld 1.69− 4.38 0.12 2.64 (MP) —  

Fig. 5. Two stable welding conditions with a) small and slow melt pool oscil-
lations and b) transition from slow, small oscillations to fast, large oscillations. 

S.M. Robertson et al.                                                                                                                                                                                                                           



Journal of Manufacturing Processes 67 (2021) 91–100

97

3.3. Keyhole events 

The behavior of the keyhole and its melt boundary was observed to 
go through phases before an ejection event. For certain periods of the 
process, in all observed process parameter combinations, a stable 
keyhole was identified while its duration varied. There were observed 
slight changes to the overall shape of the keyhole; for example, in Fig. 4c 
the length of the keyhole can be seen to vary in length. 

At a certain point, the width of the keyhole increased to where the 

rear wall of the keyhole then fluctuated rapidly. The increased width 
thinned the melt film at the edges of the keyhole (region β). The swelling 
of material at the edge (region β) or rear wall (region γ) then can obtain 
enough momentum to elongate and generate a molten column. On some 
occasions, the momentum was insufficient and the melt was retained 
while in others, the tip of the melt column necked then separated into a 
spatter particle. There are other instances where the melt column was 
unable to produce a spatter but fused to the substrate surface in the form 
of a protuberance. Fig. 7 depicts the steps leading to the ejection of 
spatter whose melt column originates from region gamma (Fig. 7a) and 
of a protuberance which is expelled from region β (Fig. 7i). 

In spatter ejection cases, there was a progression from the melt 
behind the keyhole (region γ) swelling into a melt column. The melt 
column had sufficient momentum to elongate and then begin necking. It 
eventually overcame surface tension and separate a particle of material. 
Simultaneous to the particle separation, there was a recoil of the col-
umn, where it then began to condense back into the melt pool. This was 
the opposite of the protuberance case. The melt begins to swell favorably 
in region β of the keyhole with enough momentum to elongate into a 
tendril of melt. However, there is insufficient momentum to neck or 
separate a spatter particle, and the column falls outwards towards the 
parent material. There was not sufficient time in the molten phase for 
the surface tension to reabsorb the melt column, so the extended melt 
solidified on the parent material. 

4. Discussion 

External forces on the melt pool affect the internal momentums, 
which then affect the keyhole. Beginning with a quasi-steady-state stable 
welding process, any deviation initiates a feedback system that either 

Fig. 6. Melt pool (MP) length streak image with a) a melt pool that is gradually 
decreasing and b) a widely fluctuating melt pool length. (keyhole, KH). 

Fig. 7. (a) progression of a melt swell behind the keyhole to generate spatter, each frame is 62.5 μs apart and (b) progression of keyhole rear wall fluctuation leading 
to protuberance formation. The blue arrow indicates the directional change of the melt depression. The red arrow shows the movement of the free melt body that 
leads to the formation of a melt column, yellow outline, until is separates and becomes the red outlined spatter (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article). 
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returns to a stable process or becomes unstable. The initiating force that 
begins the process-cycle is the momentum/energy introduction by the 
laser beam through melt generation and then the ablation/evaporation 
forces that sustain a keyhole. Recoil pressure, drag forces, shear forces, 
etc., act upon the melt pool-keyhole boundary layer film. These forces 
dictate the direction and properties of the melt flow, determining the 
behavior of the melt pool surface, which in turn affects the melt pool- 
keyhole boundary. While some fluctuations can be mitigated by the 
process and lead to a sporadic instability, other fluctuations lead to a 
cascade of disturbances that cause cyclic instabilities. Observed in the 
presented case study was a continuous weld that had regions of stability, 
where no material was ejected from the weld cap, and instability where 
material ejection attempts were successful. 

For the successful cases of melt ejection, the concentration of the 
melt momentum was sufficient to overcome the Laplace pressure 
allowing at least a portion of the material to leave the melt body. In the 
cases of spatter, the momentum was sufficient to surpass the Plateau- 
Rayleigh instability condition to eject at a sufficient angle to become 
its own separate entity (assuming that it traveled past the solidification 
line). A schematic of these phenomena is depicted in Fig. 8, which are 
interpreted from the high speed images in Fig. 2 while showing a 
pathway from the flow chart in Fig. 3. 

Region γ melt columns that were not exposed to a directional change, 
would lead to either successful spattering or unsuccessful spattering 
attempts. The unsuccessful attempts constituted of reabsorbed melt 
columns and re-captured spatter. The latter is a special occurrence 
where the spatter and its associated momentum is re-incorporated into 
the melt body. This occurs when a melt column forms, but its mo-
mentum was consumed during the necking and separating phases of 
spattering. Insufficient “escape momentum” to clear the solidification 
line causes the spatter to land in the melt pool and locally induced a 
momentum change. Re-incorporation allows for another opportunity to 
influence directional flow changes apart from those at the keyhole. 
While material is not lost, momentum reincorporation can cause a 
disturbance such that the next ejection attempt is successful. Addition-
ally, momentum can redirected through the dispersion of a melt column 
back into the melt body. Amorphous variations of melt protrusions 
(swells, columns, etc) that remain connected to the melt body have the 
possibility to migrate down the length of the melt pool away from the 
keyhole before surface tension forces the protrusion to subside into the 
melt body. Such an event can appear during welding that produces no 
melt ejections from the weld body, and can be considered a failed 
ejection attempt. Thus, the classical idea of a stable weld that produces 
no surface imperfections (spatter, protuberances, scallops, etc) can still 
have large fluid movements and melt body fluctuations, Figs. 5 and 6b. 

Reincorporation of material originating from region γ had the po-
tential to generate further instabilities with the reintroduction of their 
momentums. On the other hand, when material was expelled from the 
melt body at region β, its associated momentum was removed from the 
melt body. This was either entirely as in the case for protuberances, or 
partially for scalloping or melt column re-incorporation due to the cre-
ation of the imperfection. Region β was more prone to successful ma-
terial ejections due to the upwards and outward trajectory of the thinned 
melt around the keyhole. As melt is accelerated around the keyhole, a 
portion of the melt is confined to a small diameter column that has 
sufficient energy to neck and spatter with excessive momentum. The 
short melt length, in the direction of spatter travel, prevented the re- 
capture of the spatter and facilitated material expulsion. The mo-
mentum that is associated with the ejection is then removed from the 
melt body and has no further effect, while the parent melt column re-
mains with the potential to affect the melt body. Melt columns origi-
nating from region γ could also experience total or partial momentum 
loss from a similar imperfection formation mechanism. It is dependent 
on that the melt protrusion experiences an induced force that changes 
the melt flow direction from an upward (root to cap) and backward 
(away from the keyhole, parallel to welding direction) to an upward and 

laterally (centrally to the outer edge) directed flow. A lateral movement 
could be induced on the thinned melt protrusion in region γ, due to a 
swelling of the melt with an associated depression behind this swell, 
where a non-uniform expansion alters the internal flow of the protru-
sion. The alteration in the flows within the protrusion occasionally leads 
to lateral directional changes necessary for the formation of spatters, 
scallops, and protuberances. 

Lateral oscillations of the rear keyhole boundary layer can provide 
additional directional changes for the melt swells and columns. In this 
case, the overall melt will flow in periodic waves towards each side of 
the joint. This flow pattern can carve gouges into the material due to a 
lack of melt height or it can exceed the parent material edge. The latter 
case can form either protuberances or scallops, with the difference being 
that the scallop returns some material back to the melt body. The cur-
vature of the scallop structure is likely due to different melt speeds on 

Fig. 8. a) Schematic of mechanisms and forces during keyhole welding. b) Melt 
pool boundary at the rear of the keyhole leading into c) the swelling of melt 
behind the keyhole. d) The elongation of the melt column balanced by the 
Laplace pressure and e) the Plateau-Rayleigh instability condition known as 
necking. Formation of event type: f) (2) Scallop vs (5) the stable weld. g) (4) 
Spatter vs (3) Reabsorption and h) (1) Protuberance vs. (3) Reabsorption. 
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each side of the projection. The mismatch between the regions causes 
the faster melt to push forward and around the slower, like that in a 
curving river. Additionally, it does not need to be a melt column, but can 
also be caused when the melt body extends above the sheet boundary 
(like a wave) as it oscillates laterally with a general direction of melt 
moving towards the rear of the melt pool. The redirection of the material 
and its momentum in the scalloping case generally caused a temporary 
disturbance at a short distance away from the keyhole. The oscillating 
flow did not appear to cause additional gouging of the parent material 
near the rear of the melt pool, nor did it appear to contribute to addi-
tional up stream gouging or scalloping. Instead, the scalloping in the 
observed cases appeared to be localized. 

For continuous welding processes, small local events can generate a 
cascading impact that leads to the mitigation or destabilization of the 
weld. The events can be identified and quantified, such as for dimen-
sional lengths, through streak imaging. This was observed through the 
presence of an elongated melt protrusion behind region γ of the keyhole 
that precedes an increase in the keyhole length. The difference between 
the melt column length was from 0.3 mm to over 1.0 mm, where the 
keyhole length increased from 0.5 mm to 0.7 mm. Differences in the 
local material, changes in the operating conditions, like thermal 
expansion of the focusing lenses, and fluctuation of the laser beam 
power can have an initial impact on the welding conditions at a specific 
moment in time. When these interactions or impacts allow for the weld 
body to remain below a threshold condition, governing forces like sur-
face tension and gravity confine the molten material with its associated 
momentum to the processing zone. With a sufficiently high surface 
tension and a relatively low input of momentum, a robust process can be 
obtained. On the other hand, if an aggressive flow pattern is established, 
additional momentum through continued radiation exposure (i.e. 
radiation-induced ablation pressure), could cause an increase of mo-
mentum above the threshold condition. The sporadic expulsion of ma-
terial can lead to an overall stable weld, limited ejection attempts, by 
removing excess momentum from the melt body. 

5. Conclusions 

The presented study evaluated high-speed videos of different weld-
ing conditions for general trends relating to the formation of four ma-
terial ejection attempt categories and the stable welding condition. 
Observation of ejection attempts through high-speed imaging and their 
analysis via streak imaging guided the formation mechanism theorem 
arising from the melt pool. Links between the keyhole dynamics and the 
melt pool dynamics were explored.  

i An extended systematic description was developed for (top) melt 
ejection attempts driven by melt body and keyhole movements.  

ii Spatial and temporal context of weld processing dynamics were 
obtained from streak images applied to ejection attempts.  

iii Recapturing of spatter, the dispersion of melt columns, and scallop 
re-entry are failed ejection attempts observed, where the mass and 
correspondingly its momentum are reintegrated in the melt body.  

iv If the melt swells and oscillates laterally but redirects the melt 
extension back to the weld body, a scallop can form on either side of 
the joint, which can either fuse to the base material or become a cold- 
lap joint.  

v Melt columns with an outward trajectory, favorably in region β, 
formed protuberances. It is likely that the momentum of the melt 
column requires to be in a certain range, to surpass the solidification 
line while preventing ejection.  

vi A stable weld was obtained, even with large fluctuations in the melt 
swells and depressions. This is likely due to dispersion of the 
temporarily concentrated momentum across a broad melt volume. 
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