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Recent published experimental results obtained on deep penetration laser welding realized under 
reduced ambient pressure have shown very interesting results: resulting weld seams have 
geometrical characteristics that are similar to those obtained with electron beams. They show an 
increased penetration depth that can reach a factor two compared to atmospheric experiments, a 
larger aspect ratio with narrow and parallel sides of the weld seam. Also some humps around the 
rim of the keyhole appear. Of course, these modifications depend on the ambient pressure, but one 
also observes that these interesting improvements become independent of the ambient pressure 
below some critical pressure and also disappear at high welding speeds. Moreover, it is also 
observed that this critical pressure, below which these improvements do not vary, increases with 
the welding speed. In these previous publications, all these different characteristic results have not 
been explained. It is therefore the purpose of this paper to explain these different results. This has 
been obtained by using 3D numerical simulations of deep penetration laser welding and by 
studying the corresponding variation of physical parameters inside the keyhole (temperature, recoil 
pressure, and hydrodynamics of the vapor plume). An explanation for the evolution of these 
resulting weld seam geometries, as a function of the main operating parameters is proposed: 
ambient pressure, welding speed, and laser beam parameters (power and beam spot diameter). It is 
then possible to estimate this characteristic critical pressure, which is compared favorably with the 
corresponding previous experimental results. As a consequence, this analysis allows to define the 
optimum conditions for the improvement of the weld seam characteristics realized under reduced 
ambient pressure for an industrial environment. CV 2016 Laser Institute of America.
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I. INTRODUCTION

Experiments of laser welding under reduced atmosphere

have been realized since the early days of high power

lasers.1,2 They all showed interesting properties for the

resulting weld seams: a much deeper penetration depth,

increased by as much as a factor of 2, with a better aspect

ratio (depth over width). As these experiments were realized

with a CO2 laser, the strong reduction of inverse bremsstrah-

lung (I. B.) effect was first mainly invoked for the explana-

tion of this improvement. Indeed, accurate measurements of

the evolution of the temperature and electron density inside

the plasma plume for these reduced ambient pressures con-

firmed these points.3 Using local thermodynamic equilibrium

of the plasma plume, it is easy to verify that the resulting

electron density and therefore its temperature are decreased,

when the ambient pressure is reduced. However, the reduc-

tion of vaporization temperature Tv of the metals under

reduced pressure was also a second argument for explaining

these improvements: As Tv decreases, less energy is neces-

sary for generating the keyhole and so the incident power

can be distributed along a greater depth.

Rather recent experiments have shown more complete

and detailed results that confirm the previous one.4,5 But

these experiments were realized using high power solid state

lasers, so with a wavelength of typically 1.03–1.06 lm. It is

known that I. B. absorption is scaling with the square of laser

wavelength; so with a wavelength ten times shorter than

with a CO2 laser, the I. B. absorption is 100 times less effi-

cient, and therefore, this plasma shielding effect should not

play a role anymore with solid state lasers.

In order to discuss more in detail the possible physical

mechanisms that control the resulting keyhole behavior when

laser welding is operated under reduced ambient pressures,

the recent experimental results obtained by Abe et al.4 and

B€orner et al.5 have been used. These data are the only ones
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that give detailed quantitative data as a function of several

operating parameters such as ambient pressure and welding

speed, and therefore, they can be analyzed and discussed. As

examples, Figs. 1 and 2 show characteristic variations of the

resulting penetration depths, as a function of the ambient

pressure, for different welding speeds and operating condi-

tions. These results were obtained with a solid state laser.

Both set of results show a very similar behavior:

• Under low pressure conditions, the penetration depth

improvement is only observed for rather low welding speeds.

This improvement disappears typically above 6 m/min.
• Below some critical ambient pressure (in the 1–10 kPa

range), which seems to slightly increase with the welding

speed, there is no variation of the penetration depth.

According to literature review, no explanation has been

given for these very characteristic similar experimental

results. It is therefore the aim of this paper to discuss the pos-

sible mechanisms controlling this behavior that will be

detailed in the following sections II-A and B. One can also

add that other experimental observations were obtained dur-

ing these experiments. For example, a strong reduction of

the luminosity of the vapor plume was observed under vac-

uum conditions, which is likely correlated to the decrease of

its density. Also, the keyhole aperture becomes enlarged,

and the melt pool is much more stable.

The paper is constructed as follows: in the first part of

Sec. II, several mechanisms that have been already invoked

for the explanation of the penetration improvement under vac-

uum conditions when using solid state lasers are discussed.

Then recent 3D numerical simulations for analyzing the effect

of welding speed on penetration depth variation will be used.

Finally in the last part, the observed saturation of the penetra-

tion depth below a critical pressure will be explained.

II. INVOLVED MECHANISMS WHEN USING SOLID
STATE LASER

As previously discussed in the Introduction, when using

a laser wavelength of about 1 lm, delivered by a solid state

laser, the I. B. absorption inside the vapor plume is com-

pletely negligible. These conditions result from a feedback

mechanism of the low ionization of the vapor plume due to

its low temperature (which is typically the evaporation tem-

perature of the material) controlled by the low I. B. absorp-

tion. Therefore, the improvement of the penetration depth

observed for reduced ambient pressure cannot result from

the decrease of the electron density with the ambient

pressure.

A. Effect of laser beam scattering processes

It is known that when the laser wavelength is decreased,

some other mechanisms, such as Rayleigh or Mie scattering,

begin to play a role for the absorption and the scattering of

the incident laser beam, along its propagation through the

vapor plume on particles present in the vapor plume.6–8

These particles result from coalescence of metallic atoms

due to the condensation process occurring inside the vapor

plume. This scattering occurs on small particles with average

diameters around 100 nm that depend on the shielding gas

used,7,8 and these particles can cluster together by condensa-

tion during the vapor plume expansion.9 As the Rayleigh

scattering loss is inversely proportional to the fourth power

of the wavelength, therefore, this scattering effect is much

more dominant at short laser wavelength. However, Mie

scattering becomes important when the radius of the particles

is of the order of magnitude of the laser wavelength. Despite

the detailed knowledge of the Rayleigh and Mie scattering

coefficients, a precise estimation of the effect on beam

absorption and diffusion is very difficult because the volume

ratio occupied by these particles inside the vapor plume is

not known and rough estimations must be used. Many exper-

imental data using transverse probe beam of the vapor plume

have given a lot of dispersion for these absorption data.6–8,10

However, the very recent work of Shcheglov8 seems to have

brought the deepest analysis of these different mechanisms

of plume scattering. He concluded that the total attenuation

of the laser beam propagating through the vapor plume to the

sample surface was estimated to be about 10% for high

power fiber laser welding of mild steel. Moreover, even if

this beam attenuation is not so high, taking into account the

FIG. 1. Penetration depths as a function of ambient pressure for different

welding speeds from Ref. 4. 304 stainless steel; laser power: 16 kW; focal

spot diameter: 0.4 mm.

FIG. 2. Penetration depths as a function of ambient pressure for different

welding speeds from Ref. 5. Mild steel; laser power: 5 kW; focal spot diame-

ter: 0.3 mm.



temporal response of the evaporation process inside the key-

hole, he also concluded that this perturbation of the beam

propagation should have a negative impact on the stability of

the laser beam entering the keyhole and as a result, on the

melt pool dynamics.

If the welding is realized under vacuum conditions, it is

expected that the vapor plume density above the keyhole is

strongly decreased (see below Eq. (8)), and correspondingly

so is the particle density. One can thus expect that the afore-

mentioned beam absorption is quite suppressed. But it is

clear that this increase of 10%–20% of the incident laser

power entering the keyhole alone cannot produce the

observed improvement by quite a factor of 2 of the penetra-

tion depth. Other options taking into account the state of the

vapor inside the keyhole must be considered. Unfortunately,

there are no studies of the state of the vapor inside the key-

hole, and mechanisms of particle generation for these condi-

tions are not clear at all and should need specific detailed

investigations.11 If microdroplets or aggregates are present

inside the keyhole, their density should be much higher than

in the plume, outside the keyhole (where the plume under-

goes an expansion). So one can expect that the previous scat-

tering processes could be much more important inside the

keyhole and consequently, when the ambient pressure is

decreased, their effect could be strongly reduced.

One can add that even if the above-mentioned level of

absorption by the plume (about 10%–20%) does not explain

the observed penetration improvement, it is known that in

case of atmospheric experiments, the suppression of these

perturbing effects by using a transverse cross jet that blows

the vapor plume or coaxial shielding jet that crushes the

vapor plume, improves the weld pool stability and gives sim-

ilar improvement of stability as those observed by Abe

et al.4 under vacuum conditions.

B. Effect of the decrease of evaporation temperature

So the last mechanism that was proposed for explaining

the strong improvement of penetration depth concerns the

reduction of the evaporation temperature of metals under

reduced ambient pressure.1,2,12,13 For the sake of simplicity,

one usually uses the Clausius–Clapeyron relation for defin-

ing the metallic vapor pressure PCC(Ts) in equilibrium with

the liquid metal at a temperature Ts. This well-known rela-

tion PCC(Ts) is given by

PCC TSð Þ ¼ P0 exp B 1� TV=TSð Þð Þð Þ; (1)

where P0 (¼1 bar) is the vapor pressure corresponding to the

evaporation temperature Tv at standard atmosphere (1 bar).

In Eq. (1), B¼ Lvap A/R Tv, where Lvap is the latent heat of

evaporation (J/kg), A is its molecular weight (kg), and

R¼ 8.32 J/K (one can verify that for most of used metals,

12�B� 14).

Using Eq. (1), it is easy to see that for iron (for which

B¼ 13.57), the evaporation temperature is decreased by

800 K, when the vapor pressure is varied from 100 to 1 kPa.

One can estimate the improvement resulting of this decrease

of evaporation temperature on the penetration depth. By

using the 2D heat flow solutions,14,15 it is possible to deter-

mine the power per unit depth q (in W/m) necessary for

moving a cylinder with a radius r and a surface temperature

Tv, at a welding speed V inside a material whose initial tem-

perature is T0. This solution, derived at low welding speed

(because it is the regime where the penetration depth

improvement is experimentally observed), is given by

q ¼ P

LKH

� 6:3K TV � T0ð Þ

Ln
2:25j
V � r

� � : (2)

In the above equation, P is the incident laser power absorbed

along the keyhole of length LKH. K and j are, respectively,

the heat conductivity and diffusivity of the material.

Let us consider the welding of iron, at a welding speed

V¼ 2 m/min and with a keyhole radius r¼ 0.25 mm: the

power per unit depth necessary for maintaining this keyhole

decreases from 0.77 to 0.55 kW/mm when the evaporation

temperature decreases by 800 K. Therefore, as the same laser

power is distributed on a greater depth LKH, this corresponds

to a 40% increase of the penetration depth.

Using these simplified models, one can see that the com-

bined contribution of these two mechanisms, reductions of

the evaporation temperature and the scattering by the plume,

and possibly inside the keyhole too, could quite explain the

observed improvement of about 100% of the keyhole depth

under vacuum conditions.

Now, in order to have deeper insights into some mecha-

nisms, and particularly those related to the effect of welding

speed, recent results of 3D nonstationary hydrodynamic

numerical simulations of the laser welding process are

recalled here.16 Without entering in the description of the

detailed physics used in these simulations, one can recall that

Navier–Stokes equations were used to determine the fluid

flow inside the melt pool, with its free surface dynamics con-

trolled by surface tension and the Marangoni effect. Also,

inside the keyhole, multiple beam reflexions, with Fresnel

local absorptivity were taken into account in order to estimate

the absorbed intensity. The driving mechanism for keyhole

generation is the vapor flow due to evaporation that generates

a recoil pressure. In order to simplify these simulations, this

vapor flow was not described, but its effect was considered

by using a recoil pressure Pr(Ts) that depends on the local sur-

face temperature Ts. The starting point for its description uses

the previous Clausius–Clapeyron Eq. (1) only valid for equi-

librium conditions, which is modified by taking into account

the incomplete recondensation process17,18

Pr TSð Þ ¼
1þ b

2

� �
PCC TSð Þ; (3)

where b is the condensation coefficient (fraction of recon-

densation particles to evaporations ones), which depends on

the Mach number at the exit of the Knudsen layer, whose

value is controlled by the boundary limits of the vapor flow.

It is known that b decreases from 1 (at equilibrium, for low

evaporation rates or high ambient pressures) to 0.18 for high

evaporation rates (under vacuum conditions, at high temper-

ature, or high laser intensity).17–19



However, in case of an ambient atmosphere, this relation

was modified by taking into account the experimental obser-

vation20 that the ambient atmosphere confines the metallic

vapor when the temperature of the liquid surface is below or

around the evaporation temperature Tv (corresponding to the

ambient pressure). In this case of “diffusive” evaporation,

there is no surface depression and b¼ 1. For surface temper-

atures exceeding this evaporation temperature, the evapora-

tion rate and surface depression strongly increase, and

limiting values of b¼ 0.18 can be reached. So, it is important

to recall the global evolution of the recoil pressure: below

Tv, the pressure exerted on the surface is Pamb; above Tv,

there is a transition, where the recoil pressure increases and

reaches at high surface temperature, the limit given in Eq.

(3), with b¼ 0.18. There is currently no theoretical model

that describes this transition curve because the condensation

coefficient b depends on the characteristics of the global

vapor flow, and more precisely, of the Mach number at the

exit of the Knudsen layer.

Figure 3 resumes these evolutions of the recoil pressure

Pr(Ts) as a function of the surface temperature Ts, for two

different ambient pressures. The reduction of evaporation

temperature is of course also evidenced in this description.

Figure 4 recalls some examples of simulation results that

were obtained for two different ambient pressures: at atmos-

pheric pressure and under complete vacuum.16 One can see

that the penetration depth increases from 1.5 to 2.5 mm, and

the cross section of the weld seam is also modified with a

greater aspect ratio under vacuum conditions. The analysis

of the simulations shows that the melt flow is strongly modi-

fied by the reduction of keyhole surface temperature: for

atmospheric ambient pressure, the high temperature reduces

the keyhole depth and enlarges the melt pool by heat diffu-

sion allowing complex 3D flow that results in the usual

“wine cup shape.”16

The variation of the average keyhole front temperature

for these two conditions is reported in Fig. 5, as a function of

the welding speed.

Of course, the keyhole temperature at low ambient pres-

sure is smaller, for the reasons discussed previously. One can

also observe that these temperatures increase with the weld-

ing speed and the slope of this increase is greater for low

pressure experiments. This can be explained if one considers

a same increase DV of the welding speed at both pressures:

this increase of DV induces an increase of the dynamic pres-

sure of the melt flow incoming through the keyhole front,

which must be equilibrated by a corresponding increase of

the recoil pressure DPr, and so an increase DT of the surface

temperature following Eq. (3) is necessary. Because of the

exponential dependence of recoil pressure with temperature,

this increase DT of temperature will be greater at low ambi-

ent pressure than at atmospheric pressure.

Now, as the temperature increases with the welding

speed, if the welding speed is high enough, the resulting tem-

perature (and the corresponding recoil pressure) will be

FIG. 3. For two different ambient pressures Pamb, P1 and P2, examples of

evolution of the recoil pressure Pr(Ts) as a function of surface temperature

Ts. Tv is the evaporation temperature such as PCC(Tv)¼Pamb. For Ts>Tv, b
decreases from 1 to 0.18.

FIG. 4. Example of longitudinal and transverse views of the melt pool

obtained under vacuum and atmospheric pressure (Ref. 16).

FIG. 5. Mean keyhole front temperature dependence with the welding speed,

under atmospheric pressure and vacuum. (Laser power: 2 kW, welding

speed: 3 m/min; beam radius: 0.25 mm; 304SS) (Ref. 16).



much greater than the boiling temperature Tv or the ambient

pressure. In the (Pr(Ts), Ts) diagram (see Fig. 3), if this corre-

sponding state is for example located at point B, which lies

above the transition curve from Pamb to 0.5(1þ b)PCC(Ts),

any reduction of Pamb should not affect the coordinates of

this point B, i.e., the average keyhole temperature should be

quite the same. So, for high welding speeds, the average

keyhole temperature and therefore the penetration depth do

not depend on the ambient pressure, in agreement with the

experimental observations.

III. ANALYSIS OF THE OBSERVED SATURATION
OF THE PENETRATION DEPTH WITH DECREASING
AMBIENT PRESSURE

One of the striking results of the previously discussed

experiments (see Figs. 1 and 2) is the saturation of the pene-

tration depth below some critical ambient pressure. It can

also be observed that this critical pressure seems to increase

with the welding speed. This experimental result can be

understood if one analyses the evolution of the total pressure

P0 that must exist inside the keyhole in order to maintain it

opened. This total pressure P0 can be written as

P0 ¼ Pamb þ Pc þ Ph þ PðVÞ: (4)

Let us discuss the different terms in Eq. (4):

• Pamb is the ambient pressure transmitted through the liquid

melt pool.
• Pc¼r/r is the closing pressure of the keyhole defined by

the surface tension r of the liquid and its radius r (which

is of the order of magnitude of the focal spot radius).
• Ph¼ql g LKH is the maximum hydrostatic pressure result-

ing from a liquid thickness corresponding to the keyhole

depth (ql: liquid density, g¼ 9.71 m s�2 is the gravity; LKH

is the keyhole depth). Of course, the hydrostatic pressure

varies from 0 at the keyhole surface to Ph at its bottom.
• P(V) is a function that takes into account the displacement

of the keyhole with a welding speed V and of course

increases with it.

As these experiments are realized at low welding speed,

one can neglect in a first approach P(V). Also, for usual val-

ues of the different parameters involved in Eq. (4), one can

also neglect Ph (Ph� 1.6 kPa for LKH¼ 20 mm), compared

to Pc� 10 kPa, (with r� 2 N/m and r� 0.2 mm). So Eq. (4)

becomes

P0 � Pamb þ Pc: (5)

From the above equation, it is clear that the minimum

pressure inside the keyhole is its closing pressure Pc (¼r/r),

which is obtained under complete vacuum. Hence, the lower

limit of evaporation temperature inside the keyhole will be

defined by this pressure Pc. So one can define a critical ambi-

ent pressure

PCR ¼ Pc=10; (6)

below which the effect of ambient pressure can be consid-

ered negligible in Eq. (5). Typically, PCR is about 1 kPa.

If one considers the results of Abe et al. (using

r� 0.2 mm, r� 2 N/m), one finds that PCR� 1 kPa and

experimentally, the saturation is observed below 1–2 kPa.

For the results of B€orner et al. (r� 0.15 mm, and r� 2 N/m),

PCR� 1.2 kPa and experimentally the saturation is also

observed below� 1 kPa. So, one can consider that a rather

good agreement is achieved with these published experimen-

tal data.

Remark 1. If the welding speed increases, the term P(V)

should be also taken into account into Eqs. (5) and (6) and it

increases with V. Therefore, the critical pressure PCR should

also slightly increase with the welding speed V. Even if it is

not striking, this effect can also be observed on the experi-

mental results in Figs. 1 and 2.

Remark 2. The reduction of the ambient pressure on the

ejection velocity of the vapor plume and on the resulting

induced upward melt flow driven by its friction on the key-

hole wall can also be studied. Let us consider that Bernoulli

equation can be used in order to estimate the ejection veloc-

ity Veject of the vapor plume. (This assumption is valid if the

exit Mach number of the flow is small.) The vapor is acceler-

ated from 0 (inside the keyhole, at a pressure P0) to Veject

(outside the keyhole, at a pressure Pamb) by this difference of

pressure. One then can write

P0 � Pamb ¼ 0:5 qgVeject
2 ¼ r=r; (7)

where qg is the vapor density that can be obtained if one con-

siders that the vapor plume follows the equation of state of a

perfect gas, at evaporation temperature Tv. The vapor plume

pressure is in equilibrium with the ambient pressure

Pamb ¼ qgRTv=A: (8)

Combining Eqs. (7) and (8), and introducing the sound speed

inside the vapor Cs¼ (c R Tv/A)1/2 (c is the specific heat

capacity ratio), one obtains

Veject ¼
2RTVPC

APamb

� �1=2

; (9)

and the Mach number at the keyhole exit

M ¼ Veject

CS
¼ 2Pc

cPamb

� �0:5

: (10)

For example, with Pamb¼ 100 kPa and Pc¼ 10 kPa, for a

vapor plume of iron (c¼ 5/3 for a monoatomic gas),

Veject� 300 m/s and M� 0.3. This value of M� 0.3 is the

limit acceptable for using Bernoulli equation (7) for a com-

pressible fluid.

The upward melt flow velocity U induced by the vapor

ejection inside the keyhole can be also estimated by consid-

ering that the shear stress of the vapor sv at the keyhole wall

is equal to the shear stress sl inside the liquid21

sv ¼
4nvVeject

r
¼ s1 ¼ n1

U

d
; (11)

where gv and gl are the viscosity of the vapor plume (that

does not depend on its density), and the viscosity of the melt



pool respectively. d (� 5 LKH Re�0.5) is the boundary layer

developed inside the liquid melt pool (that depends on its

Reynolds number Re). The final scaling law for the upward

melt flow velocity U is then

U � V
1=3
ejectL

1=3
KH �

LKH

Pamb

� �1=3

: (12)

Experimentally, it is observed that when the ambient pres-

sure Pamb is decreased by a factor of 10, the keyhole depth

is increased by a factor of about 2. Using Eq. (12), one

can see that the upward melt flow velocity U could be

increased by about 2.5, U varying from about 4 to 10 m/s.

Therefore, one can think that this increase of U for low am-

bient pressures is the reason of the appearance of large

bulges of melt around the rim of the keyhole exit, for these

conditions.22

Remark 3. It is interesting to notice that a keyhole can be

considered as a nozzle that ejects a vapor inside an ambient

atmosphere and one knows that a threshold condition for

observing a sonic-supersonic transition at the exit of this

nozzle is given by the relation23

P0

Pamb

¼ K ¼ cþ 1

2

� � c= c�1ð Þð Þ
: (13)

With c¼ 5/3, K¼ 2.05. As P0¼PambþPc, it easy to see that

as soon as the condition

Pamb � Pc (14)

is verified, there should be a shock wave at the exit of the

keyhole and the vapor flow is then choked. One can see that

this condition is fulfilled when the ambient pressure is lower

than the critical one (Eq. (6)), i.e., when the penetration

depth saturation previously discussed occurs. The experi-

mental verification of the presence of this shock wave at the

keyhole exit, for these pressure conditions, would be an

interesting confirmation of the validity of this complete

model. However, because of the involved low pressures,

usual techniques of optical strioscopy that are used, for

example, for similar visualizations during percussion laser

drilling experiments achieved under atmospheric pressure24

may not be sensitive enough.

IV. CONCLUSION

This paper has analyzed the different physical mecha-

nisms that are the origins of the observed improvements dur-

ing solid state laser welding under reduced pressure. The

conclusions are:

• The improvement by quite a factor two of the penetration

depth results mainly from the reduction of the evaporation

temperature under low ambient pressure. As the evapora-

tion needs a lower temperature, less power per unit depth

of keyhole is necessary, therefore, the incident laser power

can be distributed along a greater depth.
• The reduction with the ambient pressure of the scattering

processes by the particles or aggregates presenting inside

the vapor plume, and possibly inside the keyhole, which

are favored by the use of short laser wavelength, is also

another probable mechanism. However, further investiga-

tions are needed in order to have decisive conclusions.
• The saturation of the penetration depth below some criti-

cal pressure is another important effect of the reduction of

the ambient pressure, which is observable only at low

welding speeds. A modification of the recoil pressure law

has been proposed for the interpretation of these different

results.

– At high welding speeds, the recoil pressure is much

higher than the ambient one, so any reduction of the

ambient pressure cannot modify the evaporation tem-

perature inside the keyhole.

– At low welding speeds, the pressure inside the keyhole

decreases with the ambient one and is limited by the

closing pressure Pc¼r/r, necessary for maintaining the

keyhole opened. Therefore, this closing pressure will

define the minimum evaporation temperature occurring

inside a keyhole. A critical pressure PCR� 0.1Pc below

which the saturation of the penetration depth occurs has

been defined, and also the small increase of this critical

pressure with the welding speed has been explained.

One must point out the importance in these explana-

tions of the role played by the surface tension r of the

used material, and more particularly by the beam radius

r, which could be easily modified in future similar

experiments in order to confirm this interpretation for a

more extended range of parameters.

Beyond the interpretation of these different mechanisms,

one interest of this paper is to show that for industrial appli-

cations of laser welding under reduced pressure, which begin

to be used (in the gear manufacture of automobile produc-

tion, for example) due to these several advantages, it is not

necessary to have a very good level of vacuum, as it is the

case for the usual electron-beam welding. It should be useful

in the design and in the simplification of the corresponding

industrial vacuum chambers.
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