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Abstract

ro

The flow within the melt pool during welding is a major factor that dictates the formation of

-p

the final fusion zone shape, solidification microstructure and defects. In this paper, we report
the evolution sequence of the arc weld pool flow that observed via fast in-situ synchrotron X-

re

ray imaging. Varying flow regimes attribute to the dominance of characteristic forces within
the weld pool during rapid solid-liquid-solid phase transformation. Our analysis indicates the

lP

general sequence in the arc, surface tension and gravity driven force domination. Welding
process parameters appear to influence significantly in determining the domination interval

na

and the intensity of individual force. In some instances, arc and surface tension driven forces
can prevent pores, which causes porosity in final welded structures, escaping from the melt

Jo
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pool. Preliminary relations between power input levels, diffract force domination regimes,
flow patterns and pool surface changes in fusion welds are suggested by considering the
behavior of multiple weld pools.
Graphical abstract
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1. Introduction
Fusion welding is one of the most widely employed techniques to join metallic
components. An intense heat source facilitates the melting and coalescing of two metallic
components rapidly with or without intermediate filler metal in fusion welding. The flow
inside the liquid phase considerably dominates the heat and mass transfer during such joining
processes [1-4]. Therefore, microstructures and defects formed in the weldments are
significantly influenced by the flow conditions within the weld pool [3-8]. Arc welding,
which uses the heat generated from the electric arc to melt the materials, is one of the very
common fusion welding processes. The surface tension force (as a result of temperature

of

gradient), the gravity-driven forces of buoyancy and self-weight and the electromagnetic

ro

force are considered as the main mechanisms that drive the flow within arc weld pools [1, 2].
The arc force is the common term used for the electromagnetic (Lorentz) force generate as a
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result of the arc and the drag force of the cathode jet on the liquid surface [2, 9]. If the metal

re

is rapidly converted into the vapor state under intense heat load, the recoil pressure on the
molten metal can also act as an additional driving force for the flow. However, considerable

lP

evaporation is mostly involved with high-density heat inputs such as laser and electron beam
welding and less influential in arc welding [10-12]. In a typical weld, the negative surface
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tension gradient (with increasing temperature) creates the outward fluid flow from the weld
center towards the pool periphery [13-16]. By adding a surface-active element like sulfur, the
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negative surface tension gradient can be altered and then the flow will become inward with a
final deep and narrow weld pool shape [17-20]. Commonly the buoyancy force causes
outward flow while the arc (combined drag and electromagnetic) force causes inward
(towards the center of the weld pool) flow. Magnitudes of the flow caused by the gravitydriven mechanisms are commonly considered as relatively smaller compared to the flow
driven by the surface tension gradient force. Inward flow forms a narrow and deep weld pool,
while outward flow causes a shallow and wide weld pool shape [14, 15, 21, 22]. The
formation and subsequent evolution of melt pools, as a result of multiple driving forces,
remain a fundamental aspect of the fusion welding and other melt pool based manufacturing
techniques such as additive manufacturing. For example, porosity formation in weld joints
considered as a problem that severely limits the fatigue life irrespective of the welding
method [23, 24]. The direct experimental observations on dynamic force effects related to
porosity formation in welding and additive manufacturing allow strengthening the current
efforts on numerical modeling (ie.[24, 25]). However, no real time experimental information
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is reported about the comparison of the relative magnitudes of these different driving forces
operating simultaneously within the weld pools or their effect in intrinsic defect formation,
such as porosity.
Recently, synchrotron X-ray imaging emerged as a vital experimental method to study
dynamic processes involved with solidification processing, including welding and additive
manufacturing of metallic alloys [5, 8, 26-31]. Both direct imaging and X-ray diffraction
methods have been employed with X-ray investigations. The information extracted from real
time in situ experiments are significantly important for the development of physically
realistic simulation models of dynamic melt pools (eg.[2, 9, 20, 32]). In this paper, we present
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our in situ X-ray imaging observations and analysis that facilitates to identify the time-
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evolving domination of the multiple forces/physical phenomena acting within the electric-arc
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2. In situ experimental configuration
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based fusion weld pools.

Fig. 1 Schematic experimental configuration that transmit X-ray beam through
the weld pool.

The experimental work reported here has been carried out at the I12 beamline [33] of
the Diamond Light Source, UK. The data were collected at 500 Hz frame rate with full-field
imaging over 12 × 8 mm2 field of view (FoV) during tungsten inert gas welding. The samples
were made out of binary Al-8%wt. Si alloy and had the dimensions of 6 mm × 12 mm × 25
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mm (Width × Length × Height). The surface of the samples was incrementally grounded up
to 1200 paper. Tungsten carbide (WC) particles (diameter range 10-40 µm) were included in
the samples as marker particles for velocity analysis. The gas tungsten arc welding (GTAW or
commonly referred as TIG) welding electrode was fixed vertically above the sample holder.
For all the experiments, tungsten tip was kept approximately 1.5 mm above the center
position of the 6 mm (wide) and 25 mm (long) face of the sample. Argon was used as the
shielding gas. Different welding sequences carried out with 100 A, 125 A input currents and 2
s and 3 s welding durations. All the experiments applied welding voltage is 11.5 V. This
sample/welding configuration was oriented in a way that the synchrotron X-ray beam travels

of

through the sample 6 mm thick side towards the imaging detector, as shown in Fig.1. 60 keV
monochromatic X-rays were used for the experiments while the imaging system consists of a

ro

1 mm thick Nd:YAG Scintillator which is coupled to a Vision Research Inc. MIRO 310M
was 10 μm.
3. Results and discussion
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3.1 Dynamic evolution of weld pool

re
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camera through a visible light optics system. The spatial resolution of the imaging system

Fig. 2 The typical weld pool shape changes during the arc welding process. The image
sequence shown in this figure is used 100A DC welding current and 2 s welding time. The
white dashed line represents the real-time morphology of the melt pool, and the red solid lines
indicate the motion trajectory of some tracking particles.
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Fig.2 presents an example for the evolution of a weld pool during a representative arc
welding process with 100 A welding current, 12 V voltage DC (direct current) and 2 s
duration (see supplementary video 1 also). As shown in the figure, once the arc is activated,
melting starts and the surface of the weld pool that forms beneath the tungsten tip rises
rapidly. When the size of the weld pool is increased (Fig 2.c), the zenith of the pool starts to
appear divided and then the level of the center surface of the pool drops slightly. Even though
the center of the pool drops down relative to the position before this transition, it still remains
above the initial solid-air interface position. A relatively short time after stopping the arc (in
this sequence just after 2 s), the next major transition starts. In this transition, the top surface
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of the entre liquid pool drops below the level of the original solid surface level and forms the
final solidified shape of the weld pool. Even with different welding parameters, a basic

ro

similarity in the rising behavior of the melt pool surfaces was indicated. The quantitative
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figures on the weld pool height transitions extracted from the fast image sequences of
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different welding process are presented in Fig. 3.

Fig. 3 Quantified time evolution of the centre, boundary and diameter of the weld pool.
Weld parameters: (a) current:100 A DC, weld time 2 s. (b) current:100 A AC, weld time 3

s. (c) current:125 A DC, weld time 2 s. (d) current:100 A DC, weld time 3 s.
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The way that the liquid-air interface (free surface) at the weld pool center and the
raised interface position close to the circumference along with the weld pool diameter is
shown in Fig. 3 for comparative welding conditions. In all 4 experimental cases presented
here, the overall pool surface height increased at the beginning of the welding process and
later dropped below the initial solid surface level. The surface height of the center section
reaches its maximum much quicker than the maximum level of the edge in all the cases. As
shown in Fig.3. b and d compared to DC same nominal AC (alternating current) power input
will take a relatively long time for the center and edge surfaces to reach their peak positions.
This is appeared to correlate with the relatively lower heating capacity (produced at the
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sample/substrate) through the AC mode. As a result of the reversing polarity, AC mode
generates heat only a half of the time at the sample. This relatively lower level of heating

ro

received at the weld pool (AC mode) is indicated by the slower growth of the weld pool [34].
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As a result of higher net heating input and thus faster heating, DC mode appears to facilitate
higher surface tension gradient force driven flow. Higher rate of heating received (at the

re

center of the pool) in a short time scale, compared to the thermal diffusion time scale [16,
35], can accumulate and increase the temperature in the center of the weld pool. Thus, surface
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tension (Marangoni) force driven flow can be intensified as a result of the larger temperature
difference across the pool. This is somewhat similar to the conditions between the low and

na

the high welding currents. The diameter of the weld pool with the relatively high current (ie.
125 A vs 100 A) is expanding faster and the peak values for the free surface levels appear
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much quicker as shown in Fig.3. c. However, once the pool is big enough and no solid
boundaries to contain the liquid, surface of the melt pool tend to plunge below its original
solid position, decanting through the molten sidewalls. This situation shows the significance
of the self-weight of the melt for resulting dynamics. It indicates the dominance of the gravity
over arc and surface tension forces to drive the major change of the weld pool shape. If the
heating power is higher, the free surface of the weld pool is observed to plunge and decant
much quicker. Further, if the arc force and the current is relatively high (eg. Fig 3.c), faster
increase in pool size facilitates the gravity to dominate with the self-weight much earlier [9].
Once the power input is stopped, increased domination of gravity driven self-weight is
indicated though drastic drop of the free surface level. As further confirmed as shown in Fig
3.d, when the pool size is reached to a critical level, gravity driven self-weight inflicts the
drop of the free surface level even arc and surface tension forces are continuing to present.
When quantitatively evaluate the flow rates using the marker particle motion for a
representative case (100 A, AC, 3s), the flow rate of particles throughout the welding process
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was ranging from 10 mm/s to 30 mm/s. These values are far less than the values reported
with a powder additive manufacturing melt pools [31]. However, quite similar to values
suggested for welding [14]. These differences directly result from the process that generates
the melt pool. Melt pool size, heat source and thermal gradients can be predominant
parameters affecting. Considering the time evolution, the flow rates were relatively slow
(around 16±3 mm/s) within initial 0.5 s and peaked around 2 s (around 25±5 mm/s). The peak
values are associated to the instances that melt pool-air interface rapidly rose, where the size
of the melt pool reached to the peak size as shown in Fig.3. (b). The increase in flow (particle
motion) speed at the beginning is more consistence with the increase of surface tension
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(thermal) gradient with the continuous energy input. Thereafter, it was possible to gradual
decrease in the flow rates. At the time of the arc is stopped, the average flow ( particle

ro

motion) speed is about half compared to the peak levels (around 15±6 mm/s), indicating
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gradual reduction of surface tension driven force, as result of gradually decreasing thermal
gradient across the pool. So that flow velocity observations are also quite consistent with the

re

force domination indicated through the weld pool shape evolution.
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3.2 Porosity and pore motion

Fig. 4. Final fusion zone microstructures. Weld parameters: (a) current:100 A DC, weld
time 2 s. (b) current:100 A AC, weld time 3 s. (c) current:125 A DC, weld time 2 s. (d)
current:100 A DC, weld time 3 s.
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Final metallographic cross-sections (optical microscopy, etched with Keller’s reagent) of the
solidified samples are shown in Fig.4 for comparison of the shape, microstructure and
porosity in the fusion zones. DC mode appears to create a deeper weld pool than the
nominally similar AC current. Inward flow will increase the depth of the weld pool, and the
outward flow will promote the width of the weld pool. Under the set welding parameters used
in these experiments, the final solidified microstructures inside the weld pools are mostly fine
columnar crystal with substantial equiaxed crystals present in-between. Notably that the
solidified AC weld pool appears to have a more porous center surface, while 100 A DC 2 s
sample appear to have scattered porosity across the fusion zone. Other 2 samples represent
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relatively less porosity in the central cross sections. However, it needs to be kept in mind the
images in Fig.4 represent just the central cross section and one might not presume there are
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completely free of porosity, but we believe they represent overall conditions reasonably.

Fig. 5 Pores motion in the melt pool during the arc welding process. (a-c) at the initial stage of

the welding. (d-f) latter stage of welding where the weld pool is considerably dominated by
gravity driven forces. The image sequence shown in this figure is used 100A DC welding
current and 2 s welding time. The selected pores were highlighted using by super imposing the
extracted bubble positions with the respective radiographic images.
Even though not the statement of the overall weld spectrum in general, according to
the Fig 4, observations help to confirm that varied current or a weld times can produce
variations in the porosity levels and pore distribution. The flow pattern within the melt pool
which dominated by arc or surface tension force can be notably reduced (for increased time
period) with the increasing of weld time or higher welding current as shown in Fig. 3. The
formation of pores in the weld pool is commonly observed in all the conditions. Of course,
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the external factors such as sample, environmental and weld conditions affect porosity a lot
[36, 37]. Nevertheless, as we maintained the same sample and overall welding procedure
during the experiments, thus we can suggest that the flow patterns and driving forces
significantly affected the retaining or escaping of the formed pores that dictate the final
porosity levels in our experiments presented here. It is specifically need to note that the
higher welding times can allow more time pores to develop. The observations we presented
and interpreted here is therefore most only related to the pore transportation and retention
with the different force regimes in the weld pools.
The example for observed formation of pores and their motion trajectory during
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welding process are presented in Fig.5. The images shown are constructed through

ro

superimposing extracted bubble position with the ordinary projection of 100A DC, 2 s
welding sequence (a sample of the gray scale adjusted original images were shown in
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supplementary material S2). In each image brighter color represent the current bubble

re

position with historic positions with lighter shades indicating moving paths. As shown in
Fig.5 it was observed that when the arc is present (ie. t < 2 s), the buoyancy driven initial
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upward trajectory of the pores are greatly suppressed, and also its horizontal motion is
affected to by the fluid flow. In this early stage, pores moved slowly upward and the late

na

being temporarily retained nearly static in the melt pool just below the surface. However,
after the arc is stopped (ie. t > 2 s), the pores will move rapidly upwards and the pores
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escaped from the melt pool. It is possible to observe that the pores’ upward motion is limited
to maximum about 2.5 mm/s when the arc is active. Once the arc is stopped, the upward
moving velocity exceeds 500 mm/s. Basically, when arc is not present, there is no strong
force or strong flow to contain within the liquid metal, thus the pores with a lower density
moves upwards rapidly. In addition, example of coalescence of the pores within the weld pool
is indicated the in the green color pores in Fig.5. b. Further theoretical calculation on the each
forces as shown in ref [38] will allow quantitatively compare the resulting observations with
the underling forces. Importantly, one might not forget our radiographic observations hide the
dynamics and resulting effects one dimension along the beam direction completely. Xradiography at the synchrotron facilities allows fast imaging at very high rates and very short
exposure times [39, 40]. However, radiographic experiments can easily conceal information
along the beam direction. Only under certain conditions, special image processing and
analysis methods (ie. as in ref [26] ) can extract 3D information from 2D radiographs.
Considering our experiments presented here, from a single radiographic view it is
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inconceivable to extract full 3D fast time resolved information related to the flow behavior.
Therefore we do not attempt to present direct comparison with our radiographic observations
with the theoretical calculations.
3.3 Force domination sequence
Irrespective of the welding parameters or welding time, a common weld pool behavior is
observed from different experiments. Fig.6 bridges the connections between the time
evolution of the driving forces and their corresponding dominative characteristics during
typical short welding periods. As mentioned above, arc force generally triggered the inward
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force, surface tension gradient force caused outward force and gravity induced downward
forces respectively within the molten metal [15, 41], if there is no special alterations ie.

ro

surface tension modifiers. As observed, the surface of the melt pool initially peaked at the
center, followed by the rising at the pool periphery. This observation is quite consistent with

-p

the morphology evolution of the melt pool caused by inward and outward flow. As presented

re

in Fig. 3, the peak surface height at the center part is lower than the edge surface. At the
latter instance; the both forces (+ gravity) are present, but surface tension drive flow is
analysis [1].

lP

appeared to prevail indicating its relative strength as suggested by previous theoretical
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In the initial stage of the welding, the pool diameter is small and a lower temperature
difference in the small immature weld pool is envisaged. Therefore, the surface tension
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gradient driven force is relatively lower in magnitude. Thus, the flow caused by the arc force
is appeared to dominate a short period within the melt pool. It caused the inward flow inside
the melt pool and an apparent increase of free surface [17, 31]. The further evidence shown to
confirm this hypothesis is the inward flow of the tracking particles in the weld pool at the
beginning, as indicated in Fig. 2. With continuous heat input from the arc, the diameter of the
weld pool increased. But as more and more heat are fed to the center of the pool, even though
the excess heat is transported away, temperature based surface tension difference between the
center and the edges of the pool increases. This makes Marangoni forces to eventually
dominate the internal weld pool flow with outward direction, thus making the weld pool
interface elevated at the edge, for a reasonable period of time during the welding process. In
the cases with the higher heat input, the Marangoni effect can prevail much quicker. If the
pores are formed during this stage they are straggled to escape as a result the flow that can
push pores in to the pool. Once the weld pool is getting bigger and both side surfaces are
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already molten, the upward forces struggle to hold the liquid metal against the gravity driven
self-weight of the liquid. Therefore, finally liquid metal starts to decant from the sides.
However, if the arc is not stopped, the plunging rate of the surface level is relatively low.
Once the arc is extinguished, there is no further energy input to the melt pool; relatively
stronger forces that cause the upward flow to diminish promptly and the gravity-driven selfweight of the liquid causes to decant the liquid metal in a much faster rate. It is easy for pores
to escape during this stage. However, at this point the weld pool cools faster; viscosity
increases and the weld pool solidify rapidly and freeze all the dynamics, which indicated
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through the cessation of tracking particles’ movements.

Fig. 6 The evolution of the difference force domination in the arc weld pools with

corresponding flow attributes, and pores motion. Evolution of the free surface height with
respect to the welding power levels also indicated in the figure.

In order to impart the experimental observations with analytically quantified arc,
buoyancy and surface tension gradient forces calculations can be outlined, using theoretical
relationships suggested in previous work i.e. ref[3, 4, 42-45]. The simplified relationship
between arc force, Farc and welding current, I is given by [46, 47];
(1)
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where k is the constant factor between arc force and the current squared which approximated
to

×

for the work presented Fig.7 (a) illustrates the increment of the arc force

with increasing current.
The buoyant force generated from gravity and temperature differences. In our simplified case,
we consider the melt pool as a whole [14, 48]. Therefore buoyant force, Fb can be presented
as either through temperature or just considering the weight of the volume;
(

(2)

is the density of molten metal, B is the thermal expansion coefficient, T –T0 is the

of

where

)

temperature difference, r is the melt pool radius and g is the gravitational acceleration which
.

ro

equal to 9.8
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Similarly, surface tension force is directly related to the surface temperature gradient. The
can be calculated from [14, 49, 50]

where
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one dimensional surface tension force,

is the surface tension of liquid metal,

is the temperature gradient within melt

(

×
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calculated approximately

×

na

pool. No direct experimental measurements, but as suggested by previous research,
approximated to

(3)

is

× ) and the average temperature gradient is
according ref. [51].

Even though the input values for calculations are basic approximations, it can be seen
from Fig. 7 (b) that when the diameter of the melt pool is smaller than 4 mm, the arc force
should be the main driving force for the flow of the entire molten metal. This is almost
consistent with the position which the centre interface reached the highest point in Fig.3 (a).
When the diameter of the melt pool is around 4 mm to 6 mm, as the surface temperature
gradient rises, the surface tension dominates the internal flow in the melt pool. This
corresponds to the highest point at the edge surface when the melt pool diameter reaches 6
mm. With the expansion of the melt pool, the influence of buoyancy is getting larger and
larger, which causes the interface of the entire melt pool to decline. Beyond our basic
analytical calculations, enhanced theoretical predications can be extracted through numerical
computations that can couple all these phenomena, which is beyond the scope of current
work. The interplay between difference force and their controlling regimes in the weld pool
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flow highlight the necessity of advance computational models that integrate wider physical
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phenomena together.
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Fig. 7 Force calculation (a) Arc force changing with welding current. (b) Arc force,
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current:100 A DC, weld time 2 s.

re

buoyant force and surface tension force vs. melt pool diameter. Weld parameters:

4. Summary

na

Through our reasonably high temporal and spatial resolution X-radiographic observations of
the arc welding processes, we were able to reveal and recognize the evolving force regime
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changes within the melt pools. The differences were indicated through the changes in surface
height, weld pool shape, flow directions. Irrespective of the difference in weld parameters, it
was indicated the general sequence of the dominant driving forces inside the melt pool is the
arc, surface tension and gravity, respectively. Nevertheless, the temporal length of the
dominance of each force is appears to be determined by the welding process parameters.
Besides, the force regime evaluation and relevant flow conditions change appear to impact
the motion of the pores formed in the melt pool and potentially affect the presence of porosity
levels in the final weld joints.
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Time evolved force domination in arc weld pools.

Highlights
1. High energy synchrotron X-rays are employed to acquire time resolved information of
evolving fusion weld pools.
2. Tracking particles were used inside the melt pools to collect the flow information.

of

3. A general sequence of arc, surface tension and gravity driven force domination in the fusion
weld pools was identified, but the time scale of the individual force dominance can be
varied with the welding parameters.
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4. Experimental evidence demonstrates that dominant force regimes can play an important
role in arresting or escaping of air bubbles (which causes porosity in the weld joints) from
the weld pool.

