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This article presents the simulation results of a three-dimensional mathematical model using the level
set method for laser-keyhole welding. The details of the model are presented in Part I.[4] The effects
of keyhole formation on the liquid melt pool and, in turn, on the weld bead are investigated in detail.
The influence of process parameters, such as laser power and scanning speed is analyzed. This
simulation shows very interesting features in the weld pool, such as intrinsic instability of keyholes,
role of recoil pressure, and effect of beam scanning.

For verification purposes, visualization experiments have been performed to measure melt-pool
geometry and surface velocity. The theoretical predictions show a reasonable agreement with the
experimental observations.

I. INTRODUCTION In this study, a method of estimating the melt-flow velocity
on the L/V interface is suggested. Instead of directly measur-IN the Part I of this work,[4] the authors have presented the
ing the melt-flow velocity, an attempt is made to trace themodel derivation for laser-keyhole welding, which considers
motion of a hump (or a disturbance), which is created bythree-dimensional fluid flow and heat transfer together with
the keyhole fluctuation and convected on a current. Suchevolution of the liquid/vapor (L/V) and solid/liquid (S/L)
a hump is believed to have wave characteristics. Thus, itinterfaces. The numerical solution scheme adopted for this
propagates outward from the keyhole region at the phasecomplex problem is also discussed in Part I. This article
velocity. This study claims that the movement of the humpwill present and discuss simulation results using practical
center point can represent the flow velocity at that point.welding parameters and interesting findings.
Experimental observations and measurements are comparedThis article also presents experimental comparison of the
with the model predictions.model. Due to such intrinsic difficulties as high temperature,

high melt-flow velocity, and extremely bright plasmas,
experimental studies and measurements on the keyhole weld-
ing process are very limited. Matsunawa and co-workers II. SIMULATION RESULTS
visualized keyhole movements and flow patterns and meas-
ured approximate melt velocities inside the melt pool using The parameters for the simulations are chosen based on

the capability of our experimental facility to compare thethe high-speed X-ray transmission imaging method.[6,2] They
observed the weld-pool configuration by burying Sn/Pt wire results with the measurements. As an energy source, a contin-

uous-wave CO2 Gaussian laser beam with a 500-mm beamalong the weld line. They also observed the liquid flow in
weld pool by preplacing fine tungsten particles of 100 to diameter is considered, and three laser powers, 2.4, 3.2, and

4 kW, are considered. Beam profile is assumed constant400 mm in diameter between the two thin plates and analyzed
the trajectories of W particles. However, it is still necessary along the z direction. To understand the effect of beam

scanning speed, three scanning speeds of 60, 80, and 100to have velocity information on the melt surface, since the
flow field is driven by surface phenomena, such as thermo- ipm are selected. For the target material, steel sheets with

a thickness of 1.214 mm are selected. Material propertiescapillary force and recoil pressure.
In this study, an optical visualization method[11] has been are provided in Part I of this article.[4] In order to simulate

a CO2 laser beam, a laser-beam absorptivity of 0.1 is usedused to measure the weld-pool geometry. The images cap-
tured by a high-speed charge coupled device (CCD) camera for steel. The CO2 laser, due to its relatively long wavelength

of 10.6 mm, shows a poor laser-beam absorptivity.[10] Itare accurately calibrated and processed by image analysis
software. In addition to the melt-pool geometry, the flow should be noted that the effective absorptivity changes as

the keyhole evolves.field predicted by the model needs to be verified. To the
best of the author’s knowledge, no experimental data are The simulation results for each case are similar in many

respects, therefore, one case is discussed in detail, and theavailable regarding the melt-flow velocity on the surface.
effects of scanning speed and laser power on the process
will be studied in Section IV. The highest laser power with
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Fig. 1—Melt-pool shape with full penetration. Temperature distribution is
shown on the liquid phase. (Laser power: 4 kW, scanning speed: 60 ipm,
beam diameter: 500 mm, and 1.760 ms is elapsed after the process of
forming a keyhole begins.)

speed will be presented together with experimental
observations.

A. Weld Pool Shape

The shape of the weld pool after full penetration is pre-
sented in Figure 1. The temperature field is shown only on
the liquid phase to visualize the melt area clearly. The S/L
interface is marked by the constant melting temperature, i.e.,
for steel, it is 1809 K. However, the actual melt pool pre-
dicted by the model is slightly larger than the one shown in
Figure 1, since the mushy zone is not included in this figure. Fig. 2—(1) Top: effective laser beam absorptivity variation with time. (2)
The mushy-zone size varies along the rear side of the melt- Bottom: average number of reflections against time (laser power: 4 kW,

scanning speed: 60 ipm, and beam diameter: 500 mm).pool boundary.
The predicted melt-pool shape with a keyhole is realistic,

compared to the experimental observation (Figure 1(B) in
Reference 4). As expected, the length-to-width ratio of the
weld pool is very large. For the weld pool shown in Figure

A), the effective absorptivity drops considerably, and sud-1, it is around 4.42 (length 5 5.75 mm and width 5 1.3
denly, the bottom hole is filled with liquid melt due tomm). This shows that the ability to transfer energy by fluid
the decreased recoil pressure. At this point, the effectivemotion is superior in keyhole-mode welding, since the flow
absorptivity increases again and then goes down with secondis highly pressurized due to recoil pressure. Therefore, it is
penetration (point B).essential to take the recoil pressure effect into account in

It is clear that the effective laser absorptivity increasesthe modeling of laser-keyhole welding.
as the free surface deepens. The used laser-beam energyIt is also apparent from the figure that the rear part of the
increases from 10 pct to around 45 pct (at point B), and themelt pool is swollen, which is caused by the highly pressur-
corresponding number of ray reflections rises to around 6.22ized liquid around the keyhole area. This result is in line
from the initial value, 1 (just one reflection per ray).with experimental observations.

It is also obvious that effective absorptivity keeps fluctuat-Although many studies on keyhole phenomena are avail-
ing while increasing to the maximum value. This phenome-able in the literature, to the best of the authors’ knowledge,
non can be associated with strong keyhole fluctuations andthis is the first complete prediction of the entire weld pool
beam scanning effect. Therefore, intensity fluctuation driveswith a self-consistent keyhole profile.
keyhole fluctuation, and keyhole fluctuation, in turn, affects
intensity fluctuation. This observation implies that keyhole

B. Effective Laser Absorptivity fluctuation is an intrinsic phenomenon that exists at all times,
no matter what process parameters are used. This result isFigure 2(1) presents the effective laser absorptivity varia-
supported by an experimental observation[6] that a keyholetion with time, and Figure 2(2) is the average number of ray
is not stable but fluctuates violently even under constantreflections. Both plots are very similar in shape, as expected.
laser powers.The two points marked in the figures by letters, A and

After penetration, effective laser absorptivity decreasesB, denote the times when full penetration is about to occur
at the bottom surface. After the first full penetration (point as part of the laser energy is lost through the bottom hole.
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C. Laser-Intensity Distribution As shown in the figures, the surface temperature far away
from the laser-material interaction zone is lower than the

Figure 3 presents the laser-intensity distribution variation inside temperature. This implies that the energy loss by
with keyhole depth. Figure 3(1) is the Gaussian distribution radiation and convection is not negligible. However, this, in
for a flat surface at the reference time, which is defined as part, results from the smoothing of material properties at
the time when the keyhole starts to form and is set to zero. the L/V interface, which ends up with a much higher thermal
The highest intensity point is located at the coordinate origin. conductivity for the gas phase. Thus, there is a possibility
As the keyhole deepens, however, this intensity profile is that the predicted heat loss at the interface might be
distorted in a very complicated manner. overestimated.

Figure 3(2) is the laser-intensity profile redistributed in a
shallow keyhole. The shallow keyhole wall, as expected,
does not transform the beam profile much. As seen, it is E. Pressure Field
nearly symmetric. Even in this case, however, the intensity

Figure 5 presents pressure distribution variation with key-profile is shifted a little bit to the tail side of the weld pool
hole depth, showing that pressure distribution varies dramati-due to the scanning effect of the laser beam. As a result,
cally with the keyhole propagation. Figure 5(1) showsthe keyhole shape viewed from above (1z direction) is circu-
pressure distribution at the reference time. As seen in Figurelar with the maximum intensity point shifted a bit to the left
5(1), there is no evaporation yet. Therefore, pressure varia-(2x direction). In short, scanning of the laser beam moves
tions in the flow field are small and indistinguishable withthe intensity profile, and the laser-beam center is not coinci-
the given pressure scale, so the pressure field is shown indent with the coordinate origin any more. In addition, the
almost one color. When evaporation occurs, the entire meltincoming laser beam now impinges on the front keyhole
pool is pressurized even though evaporation is a localwall.
process.This characteristic becomes more noticeable as the key-

Maximum pressure at each time-step ranges from 200hole deepens. Figures 3(3) through (8) show the dramatic
kPa (twice the atmospheric pressure) to 600 kPa (six timesevolution of the laser-intensity profile for deeper keyholes.
the atmospheric pressure). Even at places far away from theCombined with the strong keyhole fluctuation, the redistrib-
evaporating surface, the pressure is around 10 to 30 pctuted intensity patterns are much more dynamic. As shown,
higher than the atmospheric pressure. This pressurized meltin general, more than two local maxima exist in the redistrib-
pool is a characteristic feature of the laser-keyhole weldinguted laser intensity on the keyhole wall, and those maximum
process and affects subsequent physical phenomena in thelocations move/disappear and/or new maximum locations
weld. The recoil pressure is the key to many characteristicare created as the keyhole-wall fluctuates.
behaviors of the keyhole and neglecting this would resultFigures 3(7) and (8) show the laser-intensity fields after
in unrealistic predictions. Many existing models do notthe keyhole fully penetrates the target material. During the
incorporate the evaporation phenomena.entire process, it is observed that the maximum laser intensity

is only around 5 times higher than the original beam intensity.
This reveals that the fluctuation and irregularity of the key-

F. Velocity Fieldhole and the scanning of the laser beam more evenly distrib-
ute the beam energy on the surface. Therefore, it can be Figure 6 demonstrates the velocity field variation as the
concluded that multiple reflection phenomena are highly keyhole progresses. As shown, the flow field is very
geometry dependent, and an assumed keyhole shape will dynamic. Figure 6(1) is the velocity field at the reference
certainly lead to incorrect predictions. time, when there is no evaporation yet. The flow pattern

features recirculation zones located at both front and rear
parts of the melt pool. Without recoil pressure, it is apparentD. Temperature Field
that the flow field is similar to that in conduction-mode
welding.[8,12]Figure 4 presents the temperature distribution variation

with keyhole depth. Figure 4(1) is the temperature distribu- Figure 6(2) shows the flow pattern right after the evapora-
tion starts to occur at the center region. The flow pattern istion for a flat surface at the reference time. As seen, the

temperature at the origin almost reaches the normal boiling nearly identical to Figure 6(1), except there is a dominant
downward flow starting from the beam center area. As thepoint, 3133 K.

As the keyhole deepens, the temperature distribution surface temperature increases well beyond the normal boil-
ing point, the recoil pressure effect becomes predominant,changes significantly in conjunction with the energy redistri-

bution by multiple reflections. Maximum temperature varies and there is a strong downward flow starting from the evapo-
ration region (Figure 6(3)).between 3600 and 4000 K, which are 500 to 900 K higher

than the normal boiling temperature and ensures an intense Figure 6(4) shows the flow pattern when the keyhole
is relatively shallow. As mentioned earlier, with a shallowevaporation, which, in turn, generates a strong recoil pres-

sure. Comparing the temperature distribution to the laser- keyhole, intensity, temperature, and pressure distributions
deviate only a little from the symmetric distribution with aintensity distribution patterns (Figure 3), it is obvious that

the location of maximum temperature does not necessarily maximum value shifted by a small distance from the coordi-
nate origin. The flow field largely follows the smoothlycoincide with that of maximum intensity. This can be

explained by the time lag originating from the thermal inertia shaped temperature and pressure gradients.
Figures 6(5) and (6) show the process of the keyhole rear-of the material. In fact, the locations for maximum pressure

also do not coincide with those of maximum laser intensity, wall expansion. The flow pattern becomes more complicated
due to the growing irregularity and nonconformity in theas shown later in Section II.E.
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Fig. 3—Laser intensity distribution (laser power: 4 kW, scanning speed: 60 ipm, and beam diameter: 500 mm).
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Fig. 4—Temperature distribution (laser power: 4 kW, scanning speed: 60 ipm, and beam diameter: 500 mm).
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Fig. 5—Pressure distribution (laser power: 4 kW, scanning speed: 60 ipm, and beam diameter: 500 mm).
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Fig. 6—Velocity distribution (laser power: 4 kW, scanning speed: 60 ipm, and beam diameter: 500 mm).



Fig. 7—Average keyholing speed.

Fig. 8—Schematic of experimental setup.
temperature and pressure fields caused by multiple reflec-
tions. As seen in Figure 4(2), the rear wall of the keyhole
is strongly heated because the reflected laser beam is concen- melt-pool geometry during the welding experiment. A new
trating on this region, and consequently, an intensive evapo- method is proposed for estimating the melt-flow velocity
ration occurs at the rear wall. Thus, there is a very strong at the surface by measuring the velocity of a hump (or a
force that extends the rear wall of the keyhole, and the melt disturbance), which is convected with a current.[3]

pool can maintain a keyhole that is much larger than the
laser-beam diameter. A. Experimental Setup

Figures 6(7) and (8) are the flow fields with a deep key-
Figure 8 shows the schematic of the experimental setup.hole. The flow pattern is very irregular in both cases. In

A Trumpf (Stuttgart, Germany) 6 kW CO2 laser system isFigure 6(8), we can locate a strong wave going up on the
used as a heat source. To protect oxidation of the target,rear keyhole wall. In fact, these types of waves are observed
helium gas is supplied to the melt pool. During the lasercontinuously during the entire simulation. The waves are
welding process, an argon-ion laser beam is used to illuminatefirst generated near the coordinate origin located on the front
the weld-pool surface, and the reflected images are filteredkeyhole wall and move down to the bottom of the keyhole
through the narrow-band pass filter. This filter transmits theand then move up on the rear keyhole wall. By analyzing
wavelength of the argon-ion laser (515.5 nm) and is locatedintensity and temperature field data at each time-step, it has
before the high-speed CCD camera. Images are acquiredbeen revealed that these strong waves are created due to the
through the high-performance image-grabbing board and pro-nonuniform localized heating by the laser beam on the front
cessed by image analysis software to present informationkeyhole wall. This localized heating causes formation of
on the weld-pool geometry and melt-flow velocity. In thishumps on the front keyhole wall, which, in turn, accelerates
research, VISILOG* 5.0 by Noesis and INSPECTOR** 3.0the nonuniform heating of the humps. Thus, a strong melt

flow begins due to an excessive increase in recoil pressure. *VISILOG is a trademark of Noesis Vision Inc., Paris, France.
A similar result was presented by Semak and co-workers.[7,9]

**INSPECTOR is a trademark of Matrox Electronic Systems Ltd.,
Canada.They predicted the formation of humps on the front keyhole

wall with varying welding speed.
by Matrox have been used.

Before performing the experiment, the software must be
accurately calibrated so that it can manipulate the imagesG. Average Keyholing Speed
with their real-world dimensions. Besides, rotation and per-Figure 7 is the average keyholing (or drilling) speed calcu-
spective distortions must be removed. To calibrate, a thinlated for various combinations of laser power and scanning
paper with a 1 3 1 mm grid system is attached on thespeed. These average speeds are obtained by dividing the
metal coupon, which is identical in thickness to the weldingtarget thickness by the penetration time. As expected, it is
specimen, and the acquired image is calibrated by theseen that keyholing speed increases with laser power. And,
software.keyholing speed is inversely proportional to beam scanning

A diffuser plate is used to obtain a better resolution ofspeed, except for the P 5 2400 kW and Vs 5 100 ipm case,
the images.[11] Addition of diffused light makes a tremendouswhere full penetration could not be achieved and calculating
difference in the ability to see the molten surface. In thiskeyholing speed is difficult and inaccurate. For a laser power
study, a 1500-grid diffuser plate has been placed right inof 4 kW, the average keyholing speed is about 0.8 m/s.
front of the argon-ion laser.

III. MEASUREMENT OF MELT-POOL B. Measurement of Melt-Flow Velocity at the L/V
GEOMETRY AND FLUID VELOCITY Interface

In this section, a method of measuring melt-flow velocityIn this section, the experimental procedure is presented.
An optical visualization method[11] is applied to measure the is proposed. Observations reveal that the keyhole fluctuates
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Fig. 10—Illustration of a hump moving on a current. It is convected with
the current and propagates outward well. It behaves as a point wave source
and becomes bigger as time elapses.

phase velocity. As a result, the hump shows some relative
motions with respect to the actual melt flow.

The whole process is illustrated in Figure 10. From the
figure, it is obvious that we can minimize the error involved
in the relative motion by tracking the center of the hump,
which is least affected by the wave characteristic. In other
words, the observed velocity of the hump, Vmeasured , can be

Fig. 9—Illustration of velocity measurement technique: four successive written as[1]

images obtained from the CCD camera capture a wave crest flowing on
Vmeasured ' Vconvec 1 Vph [1]a current.

where Vconvec is the fluid velocity we want to know, and Vph

is the phase velocity of the wave. At the center of the hump,
the phase velocity is close to zero, which yields

rapidly and constantly generates many disturbances over the
Vconvec ' Vmeasured [2]entire flow field. Those disturbances move toward the weld-

pool tail with the main melt flow. The velocity of the distur- However, it is very difficult to accurately locate the hump
bance (or a hump) moving on a current at a moderately center, so the tip of the hump is tracked in this study (Figure
constant speed, is measured, and this measurement is 9), which entails some inaccuracy.
believed to be reasonably close to the actual flow velocity. If we know a correct equation for Vph , we can obtain a
Due to the flow unsteadiness caused by the fluctuating key- better estimation of the melt-flow velocity. The phase veloc-
hole, however, it is difficult to define a velocity at a sin- ity, in general, is obtained from the dispersion relation and
gle point. is defined as

The idea is shown in Figure 9. It shows four successive
frames where a hump, the tip of which is marked by a small Vph 5

v
k

[3]
circle, is tracked while being convected toward the tail of
the weld pool. The hump velocity can be calculated by where v and k are angular frequency and wave number,
measuring the distance between the circles in two successive respectively. The phase velocity varies tremendously
frames divided by the time elapsed between the frames. depending on the wave number. The wave number deter-
Since the melt-flow velocity is large while the time scale mines whether the surface tension dominates the force of
of laser welding is very small, a high-speed CCD camera gravity. The type of wave changes from gravity to capillary-
is used at a maximum frame speed of 40,500/sec to obtain gravity to capillary wave as the wave number increases.[1,5]

flow velocity. As seen in the figure, the small hump is Since wave number is the number of wave crests in a distance
moving on a current, and it propagates due to its own wave of 2p, k is a big number in this problem. It is observed that
nature, as well. In addition, the hump eventually dies out the length scale of the hump is approximately 0.3 mm. Using
due to viscosity. this value as the wavelength yields a wave number of 20,944.

This method is similar to the particle tracking velocimetry This wave number corresponds to the capillary wave regime,
(PTV). In PTV, some seed particles are used to visualize where the surface tension effect is predominant and phase
the flow field, and their motions are tracked instead of the velocity decreases as wave number increases. However,
actual flow velocity. By using seed particles, which have there are many more factors to take into account in this
similar density to the fluid, one can claim that the measured problem. Deriving an accurate dispersion relation for such
particle velocity is close to the flow velocity. Likewise, in complex thermal-fluid problems as laser keyhole welding
the method proposed in this study, the surface hump velocity is extremely challenging and is out of this study’s scope.
is measured instead of adding any seed particles. Then, the
authors claim that the measured velocity is reasonably close

IV. EXPERIMENTAL MEASUREMENTS vsto the real melt-flow velocity at the point. In this way, there
MODEL PREDICTIONSis no need to compensate for the inertia effect as in PTV,

since such humps do not have mass. Meanwhile, they have Due to the loss in the beam delivery system, the maximum
available power available in our set up is 4 kW. To comparesome degree of wave characteristic and the corresponding
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Fig. 12—Laser melt-pool width (mm): top: experimental measurement
using the visualization method and bottom: predictions by simulation.

Fig. 11—Laser melt-pool length (mm): top: experimental measurement
using the visualization method and bottom: Predictions by simulation.

with the simulation result, the same matrices for both laser exceeds 7 mm. In conduction-mode welding, the melt-pool
power (2.4, 3.2, and 4 kW) and scanning speed (60, 80, and length is small (around 1 to 2 mm), even though the same
100 ipm) are selected. Mild steel coupons of 1.214-mm laser power and translation speed are used.[4] To explain
thickness, which is also used for a simulation parameter, are how the change of welding mode can affect the size of the
chosen as the substrate material. Since the flow field is very melt pool, the keyhole opening time has been observed
unstable, the experiment was repeated ten times and an during the experiment. As marked in Figure 11, we had full
ensemble average was taken. penetration for all cases except two. Only partial penetration

Figures 11 through 13 show how the weld pool length, is observed for the lowest laser power with the intermediate
width, and melt-surface velocity change with the laser power scanning speed. No penetration occurs, and the length of
and beam scanning speed. Both experimental data and simu- the melt pool decreases to around 2.4 mm for the lowest
lation results are shown together. laser power with the highest scanning speed. This reduction

in melt-pool size is ascribed to the disappearance of the
keyhole.

A. Melt Pool Geometry Figures 11(bottom) and 12(bottom) are the simulation
counterparts of Figures 11(top) and 12(top), respectively.Figures 11(top) and 12(top) are the experimentally meas-
This simulation tends to underestimate the keyhole geome-ured, weld-pool length and width. It is obvious that the melt-
try, and this tendency is more prominent for a higher laserpool length and width decrease as scanning speed increases
power. In fact, simulation results are very close for lowerand laser power decreases. For relatively high laser powers
power cases. For example, measurement and simulationof 3.2 and 4kW, however, the amount of pool length decrease
results match within 5 pct for P 5 2400 kW and Vs 5 60is small especially when the scanning speed is high (from
ipm, while the computed weld pool length for P 5 400080 to 100 ipm). The same is true for the pool width variation.
kW and Vs 5 60 ipm is 75 pct of the measured value. UnlikeIn fact, for the highest scanning speed, the pool width seems
the experiment, we still have partial penetration for theto increase as laser power decreases from 4 to 3.2 kW,
P 5 2400 kW and Vs 5 100 ipm case. Overall, simulationmaking the two lines cross. This tendency is even more
results agree reasonably with the measurement data.noticeable in the velocity measurement. It is clearly shown

It should be noted that calculating the weld-pool widththat the length of the weld pool is very long, compared to that
from the simulation data is not an accurate process due toof conduction-mode welding. For the highest laser power and

the lowest scanning speed, the observed melt-pool length the small number of grid points in the y direction. In addition,
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moves quickly along the front keyhole wall at 0.4 m/s, and
the speed near the eddy reaches 0.25 to 0.35 m/s. In their
measurement, there was some uncertainty due to the density
difference between the W particle and the target material.
The fact that they measured the velocity inside the melt pool
below the surface also shows lower velocity as evidence in
modeling data presented in Figure 6. In view of the forego-
ing, the obtained velocity of approximately 1 to 2 m/s from
reflective topography is very reasonable. Since the entire
flow field is driven by surface phenomena, such as thermo-
capillary force and recoil pressure, it is believed that there
must be a huge velocity gradient at the L/V interface, and
therefore, the surface velocity is much higher than that inside
the pool.[8]

V. CONCLUSIONS

Simulation and experimental results presented in this arti-
cle have demonstrated many interesting features of laser-
keyhole welding. In summary:

1. The keyhole welding model presented here fully simu-
lates fluid flow and heat transfer in three dimensions,
together with the self-consistent keyhole formation. For
flow simulations, complete L/V interface boundary con-
ditions, including thermocapillary, capillary, and recoil
pressure effects, are used.

2. This study reveals that the evaporation-generated recoil
pressure is the major contributing factor that differentiates
keyhole-type welding from conduction-type welding.Fig. 13—Melt surface velocity (m/s): top: experimental measurement using

the visualization method and bottom: predictions by simulation. 3. It is demonstrated that any arbitrary surface shape can
be simulated by the level set method, without over simpli-
fying the process physics.

4. The effective laser absorptivity keeps fluctuating as a
keyhole deepens. Therefore, it is apparent that keyhole

unlike the weld-pool length (x direction), the width variation fluctuation is an intrinsic phenomenon that originates
is small. from the fluctuation in the amount of laser energy

absorbed by the keyhole. Keyhole fluctuation and energy
absorption pattern are intimately connected. Any fluctua-B. Melt Surface Velocity
tion in the keyhole would affect the energy distribution

Figure 13(top) presents the measured melt-surface veloc- within the keyhole, which, in turn, affects keyhole fluctu-
ity against the laser power and scanning speed. Since the ation via recoil pressure and flow field around.
measurement method provides only one velocity value due 5. The laser-intensity profile for laser-keyhole welding
to the ensemble averaging, the simulation data must be shows a very complicated pattern, and the keyhole does
processed into a single value for comparison. For this reason, not highly concentrate the laser energy on a tiny region.
the authors attempt to take five node points, which are 6. A series of humps were observed to form on the front
located 1.2 mm downstream from the coordinate origin, and keyhole wall due to the localized laser-beam concentra-
average the velocity values. Figure 13(bottom) is obtained tion by multiple reflections. These humps, in turn, accel-
in this way. erate the nonuniform heating of the humps.

In Figure 13(top), the experimentally obtained velocity 7. The geometry and surface velocity measurements for the
values all lie between 1.4 and 2.2 m/s. Overall, velocity laser-keyhole welding process support the validity of the
increases with laser power and decreases with the scanning laser welding model proposed.
speed. However, the plot shows an irregular pattern at high 8. The melt-surface velocity predicted by the simulation is
scanning speeds just as in the melt length and width. in good agreement with the experimental prediction. Both

As seen in Figure 13(bottom), simulation results range the welding model and the velocity measurement tech-
from 1.75 to 2.3 m/s and are reasonably close to the experi- nique are reasonably accurate. The predictions from this
mental observations. The predicted values are in all cases model now can be used to study the microstructure and
larger than the measurement data, and the difference is more property evolution in laser-welded joints.
significant for higher scanning speed. In fact, the simulation
results show virtually no dependency on the scanning speed.
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