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One usually defines the main characteristic of the welding performances of a given laser system by
its “penetration curve” that corresponds to the welding depth as a function of the welding speed Vw

for a given set of operating parameters. Analysis of a penetration curve is interesting and gives very
fruitful results. Coupled with high speed video imaging of melt pool surface and ejected plume
behaviors, the analysis of this penetration curve on a very large range of welding speeds, typically
from 0 to 50 m/min, has allowed us to observe very different and characteristic regimes. These
regimes are mainly characterized by the physical processes by which they impede the laser beam
penetration inside the material. We show that it is only at rather high welding speeds that these
limiting processes are reduced. Consequently the scaling law of welding depth with welding speed
is in agreement with adapted modeling of this process. On the other hand, as the welding speed is
reduced, different effects depending of the weld pool dynamics and plume interaction, strongly
disturb the keyhole stability and are responsible of the deviation of the penetration curve from the
previous modeling that agrees with a 1/Vw scaling law. A corresponding criterion for the occurrence
of this effect is defined.
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1. Introduction
The hydrodynamics of a melt pool generated during deep penetration laser welding has always appeared to be very
complex. This melt flow is a result of the interaction of many driving forces [1]. The role of these different driving forces
(such as ablation pressure, vapor plume effects, surface tension, gravity, possible induced electromagnetic forces, ...) is not
totally defined, as their relative importance with the operating conditions, for example when the welding speed or incident
laser intensity varies. In order to improve the understanding of these complex processes, different experiments have been
performed and the evolution of melt pool dynamics for a range of welding speeds, wider than the one usually used, has been
analyzed. Five typical hydrodynamic regimes can be defined by varying the welding speed from a few m/min to several tens
of m/min and thus discriminate some of the driving forces. As a final result, the importance of the dynamic pressure induced
by the vapor plume emitted by the keyhole front is emphasized.
In a first part of this paper, the main characteristic regimes related to the different flows observed with the variation of the
welding speed, are recalled. In a second part, a dynamical model is presented. This model describing the stationary
equilibrium of the keyhole front, shows how the main derived parameters (such as penetration depth, keyhole tilting angle,
evaporation pressure, ...) vary with the operating parameters. Finally in the third part, these experimental results are
discussed in the frame of this model. The importance of the perturbing effect of the collapse of the keyhole, due to surface
tension, usually observed at low welding speeds for limiting depth penetration, is highlighted by the results.

2. Experimental results
I recall here the main experimental results, concerning the visualization of the melt dynamics observed with the high-speed
video camera at a frame rate of 20 kHz, for variable welding speeds. The incident laser power and laser spot diameter are
kept constant at 4 kW and 0.6 mm respectively. 304 Stainless steel samples were welded, in partial penetration. The
experimental setup used as well as the main results have already been presented and detailed [2, 3]. The films analysis
allows defining five main characteristic contiguous regimes, which are only controlled by the welding speed. It appears that
these behaviors can be interpreted as the result of a very different action of the vapor plume on the melt pool. This action is
controlled by the geometry of the keyhole front, itself defined by the welding speed and incident laser intensity.

2.1 Welding speeds below 5 m/min: "Rosenthal" regime
This regime, which is observed for welding speeds lower than 5 m/min, is characterized by a rather large melt pool, even in
front of the keyhole, due to the rather low welding speed. The melt pool surface shows many chaotic surface fluctuations
and large swellings of liquids fluctuating around the keyhole aperture, which is rather well defined and remains circular (see
figure 1).
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that best-fit lines passing through the origin can be plotted through these 3 series of experimental points of these consecutive
regimes.
For the P/H transition, it is interesting to note that for incident laser powers smaller than 2.5 kW, no humping instability is
observed, even at very high welding speed. Also, when the incident power increases, the P/H welding speed threshold
decreases; this behavior is similar to previous experimental results but obtained for different conditions [6]. The very
different behavior of this P/H transition compared to the 3 previous one, results probably from the very different
mechanisms driving this humping instability. It is also interesting to notice that if we extrapolate the P/H transition at higher
incident powers, the pre-humping region should disappear. This behavior could be verified by using higher laser powers, for
example with new fiber or discs lasers.

2.6 Penetration depths scaling
Figure 7 shows the variation of the corresponding penetration depth e as a function of the welding speed. Despite the
various phenomena described above, this curve appears quite continuous. The 1/e variation has also been reported and one
can observe that above a certain welding speed, around 6-8 m/min, this scaling is quite linear. It is interesting to note that
this behavior occurs for regimes where the keyhole remains opened and beam incidence on front keyhole wall is not
disturbed by the fluctuating keyhole closures (so corresponding to “elongated” regimes).

Figure 7: Penetration depth e and 1/e variations as a function of the welding speed. Incident laser power: 4 kW; Focal spot
diameter: 0.6 mm; Material: 304-stainless steel.

In fact, this is a general result that can be observed for any set of operating parameters: above a critical welding speed Vwc,
the penetration curve always scales as the 1/Vw. For welding speeds lower than Vwc, of course the penetration depths still
increases, but with a smaller rate that 1/Vw, and even saturates for static conditions (Vw = 0).
Moreover, one can also observe from many results reported by different laboratories that this critical welding speed Vwc is a
decreasing function of the focal spot diameter, i. e. as the focal spot increases, the 1/Vw scaling remains valid for smaller
welding speeds.
An example of this behavior is shown on figure 8, where penetration curves obtained for very different focal spot diameters
have been plotted [7, 8]. The range on which the 1/Vw scaling is observed is more extended for large focal spots. Similar
behaviors on the effect of spot size have been observed in several publications [9, 10, 11]. 
 

Figure 8: Penetration depths as a function of welding speed for 4 different focal spot diameters:
- 125 and 200 microns, (from ref. [7], 4 kW, Nd-Yag laser)
- 600 and 1000 microns, (from ref. [8], 4 and 6.3 kW, diode laser)
Corresponding critical welding speeds delimiting the 1/Vw scaling are shown by vertical bars (Material: Mild Steel). 
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2.7 Keyhole front tilting angle
The tilting angle of the keyhole front is also another experimental data that plays an important role in the keyhole dynamics.
Its value has been reported on Figure 9 as a function of the welding speed, for a 4 kW incident power and 0.6 mm focal spot
diameter. Two methods have been used for its determination [17]: one uses the measurement of the maximum plume
deflection observed on a video sequence (assuming that the vapor plume is emitted perpendicularly from the keyhole front),
the other one uses measurements of the longitudinal front keyhole extension through coaxial view during full penetration
experiments. These results show that the KH front angle scales quite linearly with the welding speed. Very similar behaviors
and scaling, but resulting from the measurement of spatters ejection angle, have been obtained by Weberpals et al. [10].

Figure 9: Keyhole front tilting angle as a function of welding speed for two different methods of observation.

3. Dynamical model of keyhole.

3.1 Basic modeling
The previous experimental results have been analyzed in the frame of our dynamical model of keyhole front equilibrium
[12, 13]. This scheme is based on the local equilibrium of the keyhole front wall under the two opposite effects that tend to
displace it, which are the welding speed Vw and the drilling velocity Vd that results of the penetration of the laser beam
inside material. For a uniform incident intensity profile, a scheme of the longitudinal section of the front and rear keyhole
walls with corresponding notations is shown on figure 10.

Figure 10: Scheme of the longitudinal section of a keyhole in a case of full penetration. Incident beam has a uniform
intensity I0, with a diameter D. Material is moving from left to right with the welding speed Vw.

The keyhole front wall is tilted with an angle α relatively to the vertical laser beam. The kinematic condition of equilibrium
of the keyhole front, which states that there is no displacement along its normal, means that the projection along the normal
to the keyhole front wall of the welding speed Vw has to be equal to the "drilling" velocity Vd that results of the penetration
of the laser beam inside material (this drilling velocity is always normal to the local surface). This allows us to write the
basic equation of equilibrium for stationary conditions [12, 13]:

Vd = Vw . cos α (1)

We will now consider the well-known “piston model” [14, 4] and make the assumption that the resulting drilling velocity
Vd, is proportional to the local absorbed laser intensity. This is a very convenient approximation that can be checked in a
certain range of operating parameters such as low laser irradiances. As a consequence one can write:
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Vd = k Iabs = k I0 A(α) sinα (2)

where I0 is the incident laser intensity, A(α) the local absorptivity and sinα, the cosine of the local angle of incidence of the
laser beam. The parameter k (≈ 3 10-11 m3/J, for our experimental conditions, on 304-stainless steel), is the proportionality
factor that can be also determined experimentally for similar conditions of incident laser intensity [4]. One can determine
that k mainly depends on the thermal properties of the used material. The absorptivity A(α) depends of the angle of
incidence and one can use a Fresnel-like equation for A(α) [14]:

A(α) = A0 (sinα)q (3)

where A0 is the absorptivity under normal incidence and q has a rather small value (q ≈ 0.1). By combining equations 1 to 3,
in the limit of small values of q and for low welding speed Vw, one obtains the variation of angle α with operating
parameters:

α ≈ Vw/(k I0 A0) (4)

It is interesting to note that this scaling of α is in agreement with our previous results for the welding speed variation.
Weberpals et al. [10] have also observed a similar scaling with the incident intensity I0.
For defining the maximum penetration depth e, one can consider that this depth is obtained when the incident beam is
entirely intercepted by the keyhole front, i. e. when the relation:

tanα ≈ D/e (5)

is fulfilled.
In fact this relation would be exact if the absorptivity A0 was very large. Typically, for these conditions, we have shown that
A0 ≈ 0.7 (on stainless steel). So, one can expect some multireflections. By taking into account these multireflections, one
can show that for these conditions of incident intensity, 1 to 2 more reflections occur, and the maximum keyhole depth is
increased by about 30%. Nevertheless, we will use equation 5 for closing the problem and combined it with equations 1 and
2. One can therefore determine this penetration depth that is given by:

(6)

where P is the incident laser power (for deriving (6), we have only considered that q ≈ 0).
Again, the equation 6 shows that the penetration depth scales as 1/Vw, as previously observed experimentally for high
welding speeds. It also shows a 1/D scaling (where D is the spot diameter): it is important to note that this scaling has also
been observed experimentally, but only when these focal spots are rather large [9-11]. For small focal spots, the penetration
depth appears to be quite constant with the spot diameter. An attempt of explanation of this behaviour will be discussed in
the next paragraph.
By using this model one can also determine the absorbed intensity Iabs on the keyhole front, which is given by: Iabs = I0 A0

sinα (for the sake of simplicity, we will also consider here that q ≈ 0). In the limit of low values of α, it is easy to see that
Iabs is given by:

Iabs = I0 A0 sinα = Vw/k (7)

Equation 7 is interesting because it shows that for low angles (obtained for low welding speeds and/or for high incident
intensity), the absorbed intensity on the keyhole front is totally independent of the incident intensity (or focal spot
diameter); it only depends of the welding speed. This is a self-regulating mechanism: for a given welding speed, when the
incident laser intensity increases, the keyhole front tilting angle decreases (equation 4), correspondingly the penetration
depth also increases (equation 6), but the absorbed intensity on the keyhole front (equation 7) remains constant! Of course,
when the welding speed increases or the incident laser intensity decreases, the angle α increases and the absorbed intensity
also increases and tends to the limit I0 A0. We will see the importance of this behavior in the next paragraph.

3.2 Discussion

3.2.1. Regime transition thresholds. From our previous analysis of the keyhole front equilibrium, one can relate the slope of
the 3 best-fit lines plotted on Figure 6 through the experimental thresholds of the corresponding transitions, with the mean
tilting of the keyhole front. It is easy to verify that in a (P - Vw) diagram, a linear relation occurs between incident laser
power P and welding speed Vw:

w

0

DV
PkA4e

π
=
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P = B . Vw, (8)

Where by using equations 5 and 6, the slope B of this linear relation between P and Vw, is given by:

B =
� � �
� � �� 	

� �

� � �� ��� (9)

From equation 9, the angle α that reproduces the slopes of these 3 best-fit lines drawn on Figure 6 are 15°, 30° and 45° for
respectively the R/S, S/E and E/P transitions. One can note that these angles are in fair agreement with the experimental
observations that can be obtained by using the high speed videos.
Moreover, our model also shows that this slope B is proportional to the penetration depth (equation 9). Therefore, for a
given transition (R/S, or S/E, or E/P) all the welding speed thresholds corresponding to that transition occur at the same
penetration depth or angle α. Of course as expected, when one goes from R to P regimes, the corresponding penetration
depths decrease as the welding speeds increase.
So these results would indicate that the transition between these first 4 regimes is basically controlled by a characteristic
tilting angle of the keyhole front wall. As we know that this angle also defines the direction and the dynamic pressure of the
emitted vapor plume (this vapor plume being directed perpendicularly to its emitting surface), these results confirm that it is
the level of interaction of the vapor plume with the rear melt pool that defines the type of its hydrodynamic regime [2]. At
low welding speeds, the keyhole front wall is slightly tilted; the absorbed intensity is then rather small, as well as the
dynamic pressure of vapor. The vapor plume is directed quite horizontally inside the melt pool and so perturbs the melt pool
from its bottom. This would correspond to the occurrence of the Single wave regime. As the welding speed increases, the
tilting angle increases, as well as the absorbed intensity and correspondingly the dynamic pressure of the vapor plume. But
this vapor plume is more likely emitted quite vertically and therefore perturbs more efficiently the top part of the melt pool
as in the Pre-humping regime.

3.2.2. Penetration curve analysis. We have seen that at low welding speeds, the experiments show that the penetration curve
strongly deviates from the 1/Vw scaling and even saturates at very low welding speeds. A perturbing mechanism is probably
responsible of this limitation. Our video movies show that for these conditions (“Rosenthal” regime), strong keyhole
fluctuations are observed and one cannot anymore consider a stationary regime in these conditions.
Equation 7 shows that at low welding speed, the absorbed intensity on the keyhole front, which is only a function of this
welding speed, is rather low for these conditions. On the other hand, we know that the evaporation pressure resulting of the
absorbed intensity is a direct function of this absorbed intensity. In previous experiments, by using a deflection technique
[15], we have estimated this evaporation pressure Pevap that can be given by the following relation:

Pevap ≈ C Iabs (10)

where C ≈ 6 10-6 s m-1(for 304-stainless steel). The constant C is also strongly dependent on the thermal properties of the
used material.
It is this evaporation pressure that maintains opened the keyhole: the metallic vapor generated by the evaporation process
from the keyhole front wall impinges the rear keyhole wall and impedes its collapse. Of course, this effect is only possible if
this evaporation pressure is greater than the closing pressure Pσ, resulting from the local surface tension, which is defined by
the relation:

Pσ = 2σ/D (11)

where σ is the surface tension of the melt pool liquid.
Therefore, by using equations 7, 10 and 11, the condition Pevap > Pσ for maintaining an opened keyhole for these conditions
of low welding speeds becomes:

(C/k) Vw >2σ/D (12)

Typically, for σ ≈1.5N/m, the equation 12 shows that the welding speed must be greater than 1.8 m/min in order to maintain
opened a 0.5 mm keyhole diameter. These low values of welding speed agree fairly well with those observed for different
experiments. The scaling obtained with the equation 12 is also in agreement with the previously described results that
indicate a greater range of welding speeds for disturbed penetrations depths when smaller focal spots diameters are used. In
fact for this regime, the keyhole cannot be stationary; after its internal collapse, it is continuously re-opened by the
continuous incoming incident laser beam. As equation 12 defines a maximum value for the product D.Vw (> 2σk/C), from
equation 6, one can finally determine the corresponding maximum penetration depth emax given by (13):

emax ≈
� � ��
� � � (13)
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Equation 13 gives the maximum penetration depth for achieving a stable keyhole regime; above emax, as explained
previously, one can expect strong fluctuations that may lead for example to some defects such as porosity of the weld seam
and correspondingly some reduction of the penetration depth. One can note that this maximum depth is only dependent of
the incident laser power P. As a conclusion, for achieving a given deep penetration, this analysis shows the interest of using
high power laser with the largest focal spot diameter compatible with the required welding speed. Using the previously
defined parameters, equations 13 and 12 can be expressed in practical units as follows (for 304 stainless steel):

emax(mm) ≈ 1.5 P(kW) and Vw(m/min) . D(mm) > 1 (14)

3.2.3. Effect of a side gas jet. In the previous paragraph we have seen that for low welding speeds, the evaporation pressure
is not enough intense for maintaining an opened keyhole, in stationary conditions. A possible method for helping this
opening consists in using a side gas jet that delivers a neutral gas inside the keyhole [16, 17] (see figure 11). If the gas is
correctly delivered, the dynamical pressure of the gas jet can be adjusted in order to balance the closing pressure due to
surface tension effects.

Figure 11: Scheme of the positioning of the gas jet used for opening the keyhole during welding. Each configuration of
rear or front jet can be used, they both give very similar results.

Typically a flow rate of 20 l/min of Argon gas, delivered through a 2 mm diameter nozzle, generates on the nozzle axis a
dynamical pressure of 20 kPa, at 5 mm from the keyhole aperture. By adjusting the Argon flow rate, one can therefore
generate any dynamical pressure inside the keyhole.
Figure 12 (a) and (b) show characteristic images extracted from a video sequence of two experiments: one experiment (a) is
obtained without the use of the gas jet and the other (b) is obtained when the gas jet delivers a dynamical pressure of 8 kPa
inside the keyhole. When the gas jet is properly used, the hydrodynamic flow of the melt pool is completely controlled: it is
ejected rearwards in a continuous, stationary and quite laminar flow that is completely different from what is observed
without the gas jet; we have shown in § 2.1 that in that case, this corresponds to the previous “Rosenthal regime”, where the
flow is chaotic and non-stationary with many bumps generated around the keyhole rim. Moreover, the penetration depth
obtained with the gas jet is about 40% greater than without the gas jet, and porosities have disappeared [17].
So, we consider that this experiment confirms the previous given scheme that for these low welding speeds, the internal
pressure inside the keyhole, generated by the ejected metallic vapor from the keyhole front, is not large enough for
counterbalancing the closing pressure of the keyhole due to surface tension effects. In these conditions, a stationary keyhole
can no longer exist; this keyhole must be “re-drilled” quite periodically and therefore the corresponding keyhole depth is
limited compared to a situation where the keyhole has enough time to be fully developed.

Figure 12: Images extracted from a video sequence obtained without (a) and with (b) an optimized side gas jet.
Welding speed: 3 m/min. Plaser: 3 kW. White vertical arrows show the axis of incident laser beam location.

(a)

(b)
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In fact one could consider that this behavior could be also an initiating phenomenon for producing “humps” that generate
disturbances of the keyhole front. The local collapse of the keyhole walls generates a “normal” surface to the incident beam,
which is then pushed downwards very efficiently due to the very high resulting local intensity, as in the drilling
phenomena,. But the welding displacement makes a perturbation of this drilling process that stops it and induces a small
angle of the keyhole front from which the local absorbed intensity decreases. This generates the following cycle: decreased
evaporation pressure, followed by local collapses of the keyhole, and the process is then repeated.

4. Conclusion.
Coupled to previous experimental results where the geometry of the keyhole front [4], and the dynamic pressure of ejected
vapor plume [5], have been analyzed, for various conditions, the analysis of induced flow inside melt pool has led us to
conclude that the interaction of this vapor plume with the melt pool generates or modifies its hydrodynamics, which was
initially defined by the side flows of the melt generated underneath the focal spot by the local “piston effect” [14]. The
tilting of the keyhole front wall and the corresponding dynamic pressure of the ejected vapor plume control the degree of
coupling between the vapor plume and the melt pool, which finally defines the induced regime: Friction stresses induced by
the vapor flowing along the walls of a quite vertical keyhole in case of low welding speeds [2], or direct collision of the
vapor with the keyhole rear wall, generate strong waves and perturbations in the melt pool at higher welding speeds. Above
a critical welding speed, the liquid jet rearwards accelerated by the evaporation pressure generates the humping instabilities.
The previous experiments have been performed with a rather large focal spot (0.6 or 0.45 mm) compared to those
achievable with recent high beam quality lasers, which are thus able to deliver intensities more than one order of magnitude
greater. The importance of the keyhole front wall tilting in the appearance of the different regimes has been highlighted.
Whereas this parameter is a monotonic function of the ratio Vw/I0 (I0: incident laser intensity, see equation 4), similar
characteristic regimes with these high beam quality lasers should also be observed, but they should appear at much higher
welding speed thresholds. Some experiments with high beam quality lasers have already shown that critical welding speeds
for "melt flow dynamic" humping process was largely increased [18, 19]. So, future corresponding detailed experiments will
be welcomed for confirming the occurrence of these regimes in these extreme conditions.
In a second part of this article, we have analyzed the penetration depth curve. It has been shown that at high welding speeds
the scaling of 1/Vw, in agreement with our dynamical model of keyhole front equilibrium, is generally observed, and that the
focal spot diameter is the main parameter that controls the range of this 1/Vw scaling: the greater the focal spot diameter, the
larger extent of this velocity range. At low welding speed, our dynamical model predicts that the absorbed intensity on the
keyhole front is independent of incident intensity and only depends of the welding speed. As this absorbed intensity defines
the resulting evaporation pressure, which is therefore decreased for these conditions, the collapse of the keyhole can occur at
low welding speed and this effect limits the penetration depth of the keyhole that becomes non-stationary. This result is
important because it shows the limited interest of small focal spots when large penetration depths are required. In fact, we
show that it is the available incident laser power that defines the maximum stable penetration depth. The recent advent of
lasers delivering output powers above about 10 kW, should allow the achievement of correct weld seams of about 10 to 15
mm in depth, at interesting welding speeds and with adapted focal spot diameters. Finally, a side gas jet of Ar gas, with a
correctly adjusted induced dynamical pressure, allows to keep open the keyhole, with an increased penetration depth for
these low welding speeds.
These experiments have therefore emphasized the importance and the complexity of the hydrodynamics of the melt pool
during laser welding. It is clear that if one wants a correct description of the melt pool and beyond it, the final weld seam
geometry, particularly at high welding speeds, it is necessary to master 3-D simulations dealing with free surface problems.
Moreover, if one wants to take into account the complete process of vapor effect during the laser welding process, it is also
necessary to describe the vapor-free surface interaction, which is presently a very complex issue for numerical simulations,
which has been addressed up to now in very few publications [20, 21].  
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