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Abstract
Reduced pressure laser welds were made using a 6-kW commercial fiber-laser system on Ti-6Al-4 V and compared to electron 
beam welds of the same beam diameters as measured by beam diagnostics. The laser welds showed keyhole characteristics 
under easily achievable mechanical pumped vacuum levels of 1 mbar pressure that nearly matched the electron beam weld 
penetrations made at 9 × 10–5 mbar vacuum. Ti-6Al-4 V alloys were used to represent refractory metals such as vanadium, 
tantalum, zirconium, or molybdenum that require vacuum or highly protective inert gas protection systems to prevent adverse 
interactions with air and can be difficult to weld under non-vacuum conditions. Results show that laser weld depths of 20 mm 
with aspect ratios of 17:1 can be made under what appears to be stable keyhole behavior as the result of reduced pressure. 
The effect of fiber diameter was examined using 0.1-, 0.2-, and 0.3-mm fibers, showing that small spot sizes can easily be 
achieved at long focal length lenses of 400 and 500 mm. The 0.1- and 0.2-mm fibers produced keyhole welds with minimal 
amounts of porosity, which was only present at 2 kW or higher, while the 0.3-mm fiber produced keyhole welds with more 
rounded roots that were porosity free as shown by radiography up to the maximum power of 6 kW. Correlations between 
weld depth and processing conditions are presented for the reduced pressure laser. These results are directly compared to 
electron beam welds, facilitating design of future reduced pressure laser systems targeted for deep weld penetrations histori-
cally developed for electron beams.

Keywords  Reduced pressure laser welding · Electron beam welding · Keyhole penetration · Refractory metals · High power 
density welds · Power density distributions · Root porosity

1 � Background and introduction

High power density laser and electron beam sources have 
been the dominant joining processes for components that 
require weld precision, minimal heat effects of the base 
materials, and minimum weld distortion for nearly 50 years 
[1, 2]. With electron beam welding being done predomi-
nantly under high vacuum conditions [2, 3] and laser beam 
welding being done out of vacuum, the applications for each 
tended to fall along lines that required vacuum or not. In 

addition, even at similar power levels, electron beams were 
capable of much deeper penetration than lasers, where elec-
tron beam welds up to 200 mm in steel [4] and aluminum [5] 
are possible, while lasers typically would not exceed about 
20 mm in depth in steel under similar conditions and have 
difficulty welding highly reflective materials such as copper 
and aluminum alloys. Advances in high-power continuous-
wave solid-state laser technology with smaller wavelengths 
in the 1980s tended to broaden the application space for 
lasers relative to electron beams. However, there were many 
questions to be asked regarding the advantages and disad-
vantages of each process and the quality level of high-power 
laser welds. Lasers tended to be more prone to fusion zone 
porosity and were still limited to about 20 mm penetration, 
which was significantly less than would be expected under 
theoretical heat flow conditions at high power levels [6]. 
Because of these factors, electron beam versus laser beam 
differences became one of scientific interest in attempts to 
understand beam/material interactions, and vacuum level 
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became one of the most important variables that differenti-
ates the two processes.

Some early work on reduced pressure and vacuum laser 
welding was performed in the 1980s and 1990s [7–9], show-
ing that the CO2 laser plume was significantly different and 
reduced in size for laser welds under reduced pressure, and 
that weld penetration was enhanced under vacuum. Contin-
ued work in the early 2000s by researchers at Osaka Uni-
versity studied the effects of vacuum on laser beam weld 
penetration and porosity using real-time X-ray radiography 
unique to their research facility [10]. These studies on stain-
less steel and aluminum alloys were made using both CO2 
and Nd:YAG lasers and provided direct observations of 
the beneficial influence of reduced pressure on weld pool 
dynamics. Their results showed that reduced pressure altered 
the direction of evaporated metals, altered the laser plasma 
plume, altered the liquid flow within the weld pool, and 
reduced the formation of bubbles that could lead to porosity.

Although promising at the time, it took another decade 
before reduced pressure laser welding started to gain traction 
when the same group demonstrated deep penetration vacuum 
laser welds up to 70 mm using an updated laser vacuum sys-
tem and higher power lasers. Such deep penetration was not 
possible under atmospheric conditions, and demonstrated 
that high-power lasers in vacuum can achieve deep keyhole 
electron beam–like welds [11]. Since then, other research-
ers have been studying reduced pressure laser welding, and 
commercial systems are beginning to be developed specifi-
cally for this purpose, and scientific interest is growing. For 
example, Table 1 summarizes the number of publications 
over the past 20 years from the beginning of reduced pres-
sure laser welding, with less than 50 total technical publica-
tions since 2000, compared to several hundred per 5-year 
period for electron beams and several thousand per 5-year 
period for conventional laser welding [12]. Reduced pressure 
laser welding is in its infancy with less than 1% of the total 
number of annual laser welding publications, but is clearly 
increasing in number over time, and is expected to grow as 
more commercial systems become available.

Reduced pressure laser welding, sometimes referred to 
as vacuum, sub-atmospheric, or low-pressure laser welding, 
becomes effective at about a 1-mbar soft-vacuum level and 
requires only mechanical pumping to achieve benefits with 
little advantage going to lower pressures in most materials 

[13, 14]. Reduced pressure laser welds studied so far have 
been made mostly under laboratory or university settings 
and often in relatively small, or retrofitted, vacuum chambers 
to produce demonstration bead-on-plate-type welds with 
only small amounts of material actually welded. Materials 
that have been welded by vacuum laser systems include alu-
minum alloys [11, 15–17], stainless steel [11, 16, 18], steel 
and galvanized steel [19–22], copper alloys [23], titanium 
alloys [24], nickel and nickel base alloys [24, 25], and bulk 
metallic glass [26]. Notable among these metals are copper 
and aluminum, which are difficult for conventional laser pro-
cessing and are often welded with electron beam methods. 
One of the major benefits of vacuum laser welding is the 
ability to produce deep penetration keyhole type welds. In a 
side-by-side comparison of reduced pressure laser and elec-
tron beam welds in nickel and a titanium alloy, using beam 
diagnostics to produce as identical beams as possible, the 
effect of reduced pressure of 10–1 mbar laser increased the 
depth-to-width aspect ratio in both alloys by nearly 4 × com-
pared to atmosphere and matched the depth and aspect ratio 
of the electron beam welds made at 10–4 mbar [24]. This was 
done while significantly reducing, or eliminating, porosity, 
giving vacuum laser welding true electron beam quality. To 
date, increased weld penetration has been observed in all 
reduced pressure laser experimentally studies, see for exam-
ple increased penetration in reduced pressure [11, 27–30], 
and reduction or elimination of porosity in reduced pressure 
conditions [10, 11, 24, 31, 32].

Laser welds do not always require deep penetration but 
nearly all high-quality laser welds require minimal porosity, 
therefore reduction in porosity may be the major factor in the 
continued growth of reduced pressure laser welding. Dur-
ing conventional laser welding, laser-induced porosity has 
been studied with various methods and attempts to reduce 
porosity include carefully controlling beam conditions, laser 
plume suppression, shielding gas variations, beam oscilla-
tion, and other methods that depended on the laser wave-
length, material chemistry, and depth of penetration for 
success [24, 33–36]. Laser keyhole dynamics models were 
developed and used to understand laser penetration, laser 
plume interactions, keyhole stability, and porosity formation 
in conventional welds [37–42], and have been expanded to 
understand laser interactions under reduced pressure con-
ditions [14, 18, 30, 43–45]. Based on these studies, the 

Table 1   Summary of total publications per 5-year period for reduced pressure laser welding, conventional atmospheric laser welding, and vac-
uum electron beam welding [12]

Process/years 2000–2005 2006–2010 2011–2015 2016–2020

Reduced pressure laser welding 3 0 10 31
Atmospheric pressure laser welding 1114 1309 2169 3249
Vacuum electron beam welding 117 134 272 452
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physical understanding of the beneficial effects of reduced 
pressure is now well known and is related to a reduction in 
laser plume interactions, reduced vaporization temperature 
of the alloy being welded, and modifications to fluid flow 
within the fusion zone for increased keyhole stability.

With a fundamental understanding of the physical pro-
cesses responsible for reduced pressure laser material inter-
action now well established, the challenge becomes one of 
developing systems that take advantage of this and are robust 
enough to be commercially viable. As with any new tech-
nology, benefits also come with problems that need to be 
overcome, and it is noteworthy that many of the traditional 
electron beam welding companies, with decades of vacuum 
welding experience, have been the first ones offering turnkey 
laser-in-vacuum systems for welding [46–49]. For reduced 
pressure laser welding, the challenge is bringing the laser 
beam into the chamber, which is done using a glass or quartz 
window that separates the vacuum side of the chamber from 
the outside where the laser is situated. Windows of this type 
are common but can become fogged by metal vapors pro-
duced during welding. Fogging of the window through vapor 
or spatter decreases transmission of the laser and can scatter 
the beam resulting in variable weld penetration, and under 
extreme conditions can cause overheating of the window to 
its fracture point. Long focal length lens and/or scanning laser 
beam optics have been useful to keep the weld as far away as 
possible from the window to minimize contamination [24].

Proprietary mechanisms for preventing window fogging are 
being developed by companies who produce reduced pressure 
or vacuum laser systems, with only a small number of pub-
lications discussing the details [50]. The protective systems 
all work on the principle that reduced pressure laser welds 
do not need very high vacuum to be effective where approxi-
mately 1 mbar (0.1 kPa) is sufficient, and there is little benefit 
for going to lower pressures [11, 14]. This easily achievable 
vacuum level allows a side shield of gas to be blown across 
the face of the window inside the chamber to keep the window 
clean, while still maintaining a sufficient vacuum for welding 
using a relatively simple mechanical pump setup, thus avoid-
ing the complexity and cost of high vacuum systems used in 
electron beam systems [24]. Additional laser vacuum fogging 
precautions may be required such as internal enclosure with 
small beam apertures to minimize window contamination for 
higher power welds or for high vapor pressure alloys [50].

With reduced pressure laser welding now well understood 
and many of the early problems associated with it resolved, 
this study builds off of previous work by the same authors 
in the area of shielding gas effects [51], and vacuum laser 
welding in small chambers [24]. The goal of this study is to 
demonstrate high-quality welds in titanium, on a production-
ready vacuum laser system, to represent oxygen-sensitive 
alloys such as Ta, V, Nb, Mo, Zr, and W that are too chemi-
cally reactive to be welded with anything other than inert 

gasses or vacuum, and to compare these results with tradi-
tional electron beam welding that is performed under high 
vacuum conditions.

2 � Experimental procedures

2.1 � Reduced pressure laser welding

An industrial reduced pressure laser system ILiV-420 was 
procured from InnoLas UK Ltd, based on specifications for 
production welding, and the laser welds were all made at 
this facility prior to characterization by AWE. This system 
is schematically illustrated in Fig. 1 and was designed with 
a 6-kW IPG-YLS-6000-S2T fiber laser operating at 1.07 µm 
wavelength, with a 2-mm-mrad beam quality using a 50-µm 
primary fiber. The 5-m-long primary fiber can be connected 
directly to the focusing optic head or to a 2-way timeshare unit 
that allows the beam to be delivered to two workstations with 
100 or 200 micron fibers of up to 100 m in length. In the stud-
ies performed here, the primary fiber was connected directly 
to an IPG D50 wobble head, but the beam was not wobbled 
in this study. The laser system produces a beam quality close 
to that of high-power electron beams which are on the order 
of 1 mm-mrad at normal working distances and high voltage 
[1]. The reduced pressure laser system was designed to operate 
with three different processing fiber diameters, two different 
focal length lenses, and a fixed 200-mm collimator, resulting 
in 6 different optical configurations. The highest power density 
focused spot would be with the 0.1-mm fiber and 200-/400-
mm optics combination (~ 200 mm spot size), while the low-
est would be with the 0.3-mm fiber and 200-/500-mm optics 
combination (~ 750 mm spot size). The system can produce 
deep welds under reduced pressure for some applications and 
relatively shallow welds in the 100 to 6000 W power range. A 
beam switch was incorporated into the system with a provision 
for two output fibers, where the second fiber could be fitted to 
another vacuum laser system or conventional workstation in 
the future. In addition, the laser was fitted with a proprietary 
laser coupling glass shielding system [52] operating inside the 
vacuum chamber with co-axial flow of Ar gas.

The  reduced  p ressure  chamber  measured 
750 × 750 × 750 mm and was pumped using a mechanical 
rotary vane vacuum that can produce controlled vacuum 
levels from 1 to 150 mbar. This system will pump down 
to the desired vacuum level in less than 1 min, which is an 
order of magnitude faster than most electron beam welding 
machines. Gas flow into the chamber can be controlled from 
1 to 15 l/min and the system is set up with automated pump 
down, venting, and pressure measurements. The equipment 
motion system uses Aerotech linear and rotational stages 
and was designed to handle a 250 × 250 × 200 mm size part, 
with three linear stages having 300 mm travel in x and y, and 
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200 mm travel in Z with ± 10 µm accuracy. The fourth axis 
is a rotary stage with unlimited motion that can be mounted 
in the horizontal or vertical positions and has a 3-jaw chuck 
with a 20-kg carrying capacity.

Table 2 summarizes the beam quality measurements and spot 
sizes for all of the different optical configurations consisting of 
a 200-mm collimator and either 400- or 500-mm focusing lens, 
with fibers of 0.1-, 0.2-, and 0.3-mm diameter. The laser beam 
quality on the new system has a beam parameter product (BPP) 
as low as 3 mm-mrad (0.1-mm-diameter fiber, 200-/400-mm 
optics), up to about 10 mm-mrad for the larger fibers, which is 
similar to the 8.4-mm-mrad BPP used in a previous investigation 
using a disk laser and small laser vacuum chamber [24].

The laser beams were profiled using a Primes diagnostic to 
confirm focus position and measure the power density of the 
beam for different processing fibers and focal length lenses. 
As an example, Fig. 2 shows the power density distributions 
for two of the laser beams made with the 0.2- and 0.3-mm 
fibers and 200/400 optics. Both beams have a top-hat shape 

which is characteristic of multimode fiber lasers. The sharp 
focused beam measured to be 0.39 mm for the 0.2-mm fiber, 
and 0.58 mm for the 0.3-mm fiber, which are close to the 
calculated values of 0.4- and 0.6-mm beam diameters. The 
depth of field as measured by the Rayleigh length, which is 
the distance away from the sharp focal plane where the beam 
diameter doubles in size, varies from 3.5 to 14.6 mm, while 
the half-angle BPP varies between 3.0 and 9.5 mm-mrad 
depending on the optical configuration. Since the laser beams 
have a top-hat shape, the peak power density was estimated 
as the total beam power divided by the beam area, and varies 
from 2.3 to 31.8 kW/mm2, which is a large variation resulting 
from the different fiber diameters and optical configurations, 
and is in the range for deep penetration keyhole welding with 
depth to width aspect ratios greater than unity [1]. In this 
study, the weld width is measured at 50% of the weld penetra-
tion to represent the keyhole width. The peak power density 
of the beams as measured by the Primes diagnostic is higher 
than the average values, but had a spiky appearance, where the 

Fig. 1   Schematic of the reduced 
pressure vacuum laser system 
using 400 or 500 mm focusing 
optics

Table 2   Optical configurations and beam quality measurements for welds made on the ILiV system at 1 kW power

Collimator/
focus optic

Fiber diameter Focused beam 
diameter

Rayleigh length Avg. power density Peak power density M2 BPP

(mm) (mm) (mm) (mm) (W/mm2) (W/mm2) - (mm-mrad)
200/400 0.1 0.20 3.45 31,800 38,000 8.8 2.97
200/400 0.2 0.39 6.24 8,370 10,000 17.5 5.90
200/400 0.3 0.58 8.82 3,780 5,000 28.1 9.50
200/500 0.3 0.74 14.6 2,300 3,000 27.8 9.35
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power density is approximately 20% higher than the average 
value that was measured over the entire beam, and an estimate 
of the peak power density spikes is reported in Table 2.

The laser beam welds were made on Ti-6Al-4 V coupons 
that were 15 mm thick, machined from starting plate stock 
of nominal Ti-6Al-4 V composition per UNS R56400. For 
higher power welds, two coupons were stacked on top of 
each other to allow for penetrations deeper than 15 mm. The 
welds were all carried out at a reduced pressure of 1 mBar 
with argon flow of about 10 l/min to protect the laser optics. 
The travel speed was kept constant at 15.4 mm/s, and the 
beams were sharp focused on the surface of the plates. A 
total of 12 welds were made using each of the optical con-
figurations, and the results of the penetrations, weld widths, 
and aspect ratios are summarized in Table 5.

2.2 � Electron beam welding

Electron beam welds were made at LLNL for comparison 
with the laser vacuum weld geometries and weld quality. The 

electron beam welds were made using a 150-kV 50-mA max-
imum Hamilton Standard machine (No. 605) at 9 × 10–5 mbar 
(6.8 × 10–5 Torr) vacuum, with the parameters summarized in 
Table 3. These welds are similar to the electron beam welds 
made in a previous study [24], and were made at a work dis-
tance of 336 mm and 436 mm, which corresponds to effective 
focal lengths of 400 mm and 500 mm on this machine.

The EMFC electron beam diagnostic was used to char-
acterize the beam as detailed elsewhere [53–56]. Initially, 
at the 500-mm focal length, a lower accelerating voltage 
of 85 kV was used to produce the larger 0.59-mm-diameter 
beam (0.3-mm fiber 200-/400-mm optics), and a high volt-
age of 145 kV was used to produce the smaller 0.39-mm-
diameter beam (0.2-mm fiber 200-/400-mm optics). The 
beam diameter is measured by the EMFC at the 1/e2 height 
of the Gaussian beam shape, which is sometimes referred 
to as 4σ and contains 86.5% of the total beam power [56], 
where σ is the standard deviation of an ideal Gaussian beam. 
An additional parameter is reported that measures the width 
of the Gaussian beam at half its maximum peak (FWHM), is 

Fig. 2   Power density distribution plots for a a 1-kW 0.39-mm-diameter beam (0.2-mm fiber with 200/400 optics) and b a 1-kW, 0.58-mm-diam-
eter beam (0.3-mm fiber with 200/400 optics). The x and y axes are 1 mm wide
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equal to 2.35σ, and contains 50% of the beam’s power [56]. 
Table 3 further calculates the half-angle BPP of the electron 
beam, which for a given beam diameter and focal length is 
smaller than the laser BPP due to the smaller raw electron 
beam diameter of 12.5 mm at the final focusing lens [24] 
than the laser that is approximately 2 × as large. The smaller 
divergence angle of the electron beam also results in larger 
Rayleigh length and smaller BPPs, providing additional 
depth of focus for the electron beam relative to the laser.

Figure 3 plots the power density distribution as measured 
by the EMFC for 1-kW electron beams made for two different 
beam diameters of 0.39 mm (85 kV/11.8 mA) and 0.58 mm 
(145 kV/6.9 mA) as a comparison to the laser beam profiles 
shown in Fig. 2. It is clear that the electron beams are largely 
Gaussian shaped with a sharp peak that differentiates them 
from the top-hat shape of the multimode fiber laser beams. 
One characteristic of the difference in shapes is that for a 
given beam diameter and power, the electron beam achieves 

Table 3   Electron beams measured using the EMFC diagnostic at a focal length of 500 mm for 1-kW beams on Hamilton Standard welder No. 
605

* Calculated M2 values for electron beams are much larger than lasers due to their smaller effective wavelengths [1]

Effective 
focal length

Focused beam 
diameter, 1/e2

Beam voltage Beam current Beam width, 
FWHM

Peak power density Rayleigh length M2 BPP

(mm) (mm) (kV) (mA) (mm) (W/mm2) (mm) - (mm-mrad)
500 0.39 145 6.9 0.24 15,318  ~ 30 * 2.44
500 0.58 85 11.8 0.35 7,010  ~ 50 * 3.68

Fig. 3   EMFC power density distribution plots for 1 kW electron beams at a 500-mm focal length for a 0.39-mm-diameter beam at 145 kV and b 
0.58-mm-diameter beam at 85 kV. The x and y axes are 1 mm wide
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higher peak power densities as summarized in Table 2 for the 
reduced pressure laser and Table 3 for the electron beams, 
where the electron beam has a peak power density of approxi-
mately 1.8 × that of the laser beam for both conditions.

A series of electron beam welds were made on Ti-
6Al-4 V coupons (Ti, 6.09 Al, 4.02 V, 0.01 C, 0.0022 H, 
0.25 Fe, 0.007 N, 0.117 O wt%) to demonstrate the influence 
of beam power on a constant-sized beam for comparison 
with the reduced pressure laser welds. In order to do this at a 
fixed working distance, the accelerating voltage of the beam 
was increased with the beam current to maintain a beam 
diameter of approximately 0.58 mm (0.3-mm fiber 200-/400-
mm optics) throughout the entire power range. The coupons 
measured 150 × 25 × 9 mm, and the coupons were welded 
on the side of the sample so that penetrations up to 25 mm 
could be investigated. The travel speed was kept constant at 
15.4 mm/s, and the beams were sharp focused on the surface 
of the plates. The beam current and voltage were varied to 
produce powers from 300 up to 6000 W,while maintaining 
a constant beam size for the welding experiments to be dis-
cussed later with the data summarized in Table 6.

2.3 � Characterization

Metallographic samples were prepared by cross sectioning the 
welds from the plates, grinding and polishing them using con-
ventional metallographic procedures. After final polishing, the 
Ti-6Al-4 V electron beam welded samples were chemically 
etched using a modified Kroll’s solution containing 5 ml HF, 
10 ml HNO3, and 30 ml lactic acid, while the laser-welded 
samples were etched in an aqueous solution containing 2% 
HF acid for approximately 30 s to reveal the details of the 
weld fusion and heat-affected zones’ macrostructures, or 
5% HNO3 and 0.5% HF etchant for microstructural features. 
Measurements of the weld depth and width were made using 
a Keyence metallography for low-power welds, or directly on 
macrographs of the cross sectioned deeper welds that were 
too large to image on the metallograph.

Computed tomography (CT) 3D imaging was used to 
inspect the laser-welded samples for internal porosity or 
other defects. The CT was performed on a Nikon X-Tek 
XTH225CT cabinet-based CT system with a 225-kV Micro-
focus X-ray source that provides a nominal focal spot size 
of 3 µm (when measured at 70 kV and 0.1 mA) at the X-ray 
emission point. X-ray images were generated using a tungsten 
target and were captured by a Perkin Elmer XRD4343CT 
Amorphous Silicon Flat Panel detector with a cesium iodide 
scintillator screen, an input screen 430 × 430 mm in size hav-
ing 2880 × 2880 detector elements. This arrangement resulted 
in a native pixel size of 0.15 mm on the 16-bit detector which 
has 65,536 gray-levels of dynamic range. A 0.5-mm-thick 
copper filter was placed between the collimated X-ray source 
and the detector to enhance the image quality. Data was taken 

on weld sections that were placed upon a turntable between 
the X-ray source and detector and rotated through 360°, with 
721 images (projections) being captured at regular angular 
increments during the rotation. The captured digital radio-
graphs were then processed through a reconstruction algo-
rithm into a 3D CT volume representation of the compo-
nent. During reconstruction, each pixel from the detector at 
every angular increment is processed into a 3-dimensional 
volume element with gray level and position and having a 
voxel resolution of approximately 0.030 mm size. The CT 
volumes were then loaded into Volume Graphics V.G Studio 
Max Version 3.2 to display a 3D rendering of the sample 
with spatial resolution down to the voxel size for analysis. 
The reconstructed images were then analyzed using 2D pro-
jections, or virtual slices, to determine porosity and porosity 
distribution within the welded samples.

3 � Results and discussion

3.1 � Reduced pressure laser keyhole weld 
penetration

Reduced pressure laser welds were made on Ti-6Al-4 V using 
different processing fiber and focal length lens combinations 
with powers up to 6000 W to determine penetration depth, 
fusion zone geometry, and defect formation for different 
optical configurations as summarized in Table 2, and weld-
ing conditions as summarized in Table 4. The focused beam 
diameters varied from 0.2 to 0.74 mm using different fibers 
and focusing lenses in order to test out different options for 
achieving deep keyhole welds. Longer focal length lenses are 
desirable as they provide more working distance inside the 
vacuum chamber, but because they focus to larger spot sizes 
a careful study was made to see how the longer focal length 
lenses would work for creating the required penetrations.

The welds were cross sectioned and macrostructures of 
one set of welds for the 0.58-mm-diameter beam are shown 
in Fig. 4. In these cross sections, the fusion zone is seen 
as the innermost portion of the etched weld region and is 
surrounded by the heat-affected zone (HAZ) that forms by 
solid-state phase transformations adjacent to the weld fusion 
zone. The depth of penetration was measured from the plate 
surface to the fusion zone root and shows that the penetration 
increases from 2.4 to nearly 20 mm as the power is increased 
from 700 W to 6 kW. All the welds are deep and narrow 
with very straight sidewalls at high depth-to-width aspect 
ratios representative of keyhole penetration conditions. There 
are no significant visible defects in the cross sections, and 
they are porosity free, even at the root of the welds, which is 
exceptional for high aspect ratio high power density welds.

The weld penetration, weld width at half of the keyhole 
depth, and the aspect ratios of the welds are summarized in 
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Table 5 in the Appendix. Figure 5 plots the penetration versus 
three different power factors. Figure 5a plots the penetration 
data for each of the four optical configurations versus as energy 
per unit length of weld, P/S, where P is the beam’s power 
and S is the travel speed of the weld, which has been tradi-
tionally used for low power density arc welds with the heat 
distributed mostly on the surface of the weld [57]. Since this 
factor does not incorporate the beam diameter, the data deviate 

considerably, particularly for the smallest diameter beam that 
has the highest power density. Figure 5b plots the same data 
versus P/dS. This parameter is sometimes used in a simple 
model to estimate the effects of changing spot sizes, power, or 
travel speed on keyhole weld penetration for a given material 
[58], and has a better fit to the data overall, but still lacks in 
precision where the penetration varies by over 2 × for a given 
power parameter. Figure 5c plots the same data now versus a 

Table 4   Summary of weld parameters and penetration ranges

Weld material Beam power Travel speed Beam diameter Interaction time (d/S) Peak power density Weld depth
(kW) (mm/s) (mm) (ms) (kW/mm2) (mm)

Ti-6Al-4 V laser 0.1–1.0 15.4 0.20 13 6.4–31.8 0.9–6.9
Ti-6Al-4 V laser 0.7–6.0 15.4 0.39 25 5.9–50.2 2.4–19.4
Ti-6Al-4 V laser 0.7–6.0 15.4 0.58 38 2.7–22.7 2.0–18.9
Ti-6Al-4 V laser 0.7–6.0 15.4 0.74 48 1.6–14.0 2.0–17.6
Ti-6Al-4 V EB 0.3–6.0 15.4 0.58 38 2.2–40.6 0.9–20.8

Fig. 4   Reduced pressure laser 
weld cross sections for the 
0.58-mm-diameter beam over 
the entire power range from 700 
to 6000 W
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power factor, P/(dS)0.625, which has been used in the past to 
represent deep keyhole welds that are modeled using the line 
heat source theory [59]. This factor brings the four different 
optical configurations into closer alignment, with extremely 
good matching for penetrations up to about 6 mm but shows 
some deviations at high penetrations where it predicts deeper 
penetrations for larger diameter beams at a given power fac-
tor. Overall, however, this fit is excellent considering the wide 
range of power densities (2–50 kW/mm2) with 20 × variation in 
penetration, and will be used here to further analyze the data.

The penetration data is replotted in Fig. 6 versus the power 
factor, where it is fit with a second-order polynomial and 
constraint to have 0 penetration at PF = 0. From this fit, the 
penetration can be predicted from the following relationship:

where the weld depth, D, is in millimeters and is related to 
the power factor, PF = P/(dS)0.625, for the beam diameter, d in 

(1)d = −2.358 × 10
−6 (PF)

2
+ 1.53 × 10

−2 (PF)

millimeters, the power, P, in W, and the travel speed, S, in mm/s. 
The data has an excellent fit showing an R2 confidence level of 
0.989, and the general trend of the data indicates that the penetra-
tion increases with the power factor but at a decreasing rate. Heat 
flow theory for keyhole welds often uses analytical line-source or 
cylindrical source models to predict weld depth, which suggests 
that weld penetration would scale directly with weld power for 
a given alloy and set of welding parameters [6, 59, 60]. More 
advanced numerical keyhole weld models help to explain devia-
tions from a direct relationship between laser power and depth 
of penetration that tends to drop off at higher penetration depths 
[14, 38, 42, 61, 62], and is consistent with the penetration data 
observed here for reduced pressure laser welds in Ti-6Al-4 V.

3.2 � Weld width and keyhole aspect ratios

Keyhole welds are differentiated from conduction welds based 
on the depth-to-width, D/W, aspect ratios, where keyhole welds 

Fig. 5   Summary of weld penetrations for the four different beam 
diameters on Ti-6Al-4  V at 15.4  mm/s travel speed. Penetration is 
plotted for a as a function of energy per unit length of weld, P/S, b 

versus P/(d*S), and c versus the power law denominator PF = P/
(d*S)0.625 per line source fit of keyhole welds. [59]
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exceed semicircular cross-sectional shapes with D/W > 0.5. The 
phenomena is well documented in the welding literature and 
results from vapor cavities being generated in high power den-
sity welds that distribute the beam’s energy below the surface 
of the plate  [1, 2, 61, 62]. The formation, or avoidance, of the 
vapor cavity requires a critical energy density to vaporize the 
metal, and conduction welds will be made if the energy density 
is too low. For example, short duration laser spots are typically 
made with aspect ratios less than 0.5 [63], and very high-speed 
electron beam welds can have aspect ratios less than 0.5 [59], 
and also in additive manufacturing where very high speeds are 
used to avoid keyholing [64]. At higher energy densities that 
are produced at typical welding speeds and power densities on 
the order of 1 kW/mm2 or higher, depending on the material, a 
vapor cavity develops and produces the high aspect ratio key-
hole welds that were produced in this investigation.

Figure 4 shows cross sections from one of the series 
of reduced pressure laser welds with a beam diameter of 
0.58 mm and indicated that the weld depth increased sig-
nificantly with weld power. This figure also indicates that 
the weld width, measured at 50% of the penetration depth, 
does not increase in proportion to the weld power or weld 
depth, thus indicating an increase in the aspect ratio of the 
weld with increasing power. The weld depth, width, and 
aspect ratios for all of the laser welds are plotted in Fig. 7, 
and the measurements are summarized in Table 5. The weld 
keyhole fusion zone width, Fig. 7a, increases with power 
up to approximately 3–4 kW, where it then reaches differ-
ent plateaus depending on the beam diameter. It is clear 
that a relatively stable keyhole has been established at this 
point, allowing the beam to drill deeper into the Ti-6Al-4 V 
base metal with increasing power but not increasing the 
weld width. Thus, the aspect ratio increases, as indicated 
in Fig. 7b, which plots the ratio of keyhole depth to width 
as a function of the power factor shows a constant increase 
with power from a low value of around 2:1 up to the very 
high value of 17:1 at 6 kW. The reduced pressure laser welds 
all display keyhole geometries and demonstrated electron 
beam–like penetrations throughout the entire power range. 
The results show that aspect ratios of 10:1 are easily achiev-
able at high powers with the highest aspect ratio of 17:1 
demonstrated on the 0.39-mm beam at 6 kW.

3.3 � Reduced atmosphere laser weld quality

Deep penetrating high aspect ratio keyhole welds shown above are 
ideal when minimal heat affects are required on the base metal. 
However, the high aspect ratio requires more precision to align 
and follow the weld joint, and can create root spiking and poros-
ity if the beam is too intense 3. Keyhole laser welds made under 
atmospheric conditions and inert gas tend to be porosity prone, 

Fig. 6   Fit of all the reduced pressure laser weld penetration data to 
the power factor PF = P/(dS)0.625 using a 2nd-order polynomial for 
prediction of weld depth over a wide range of laser parameters

Fig. 7   a Keyhole widths as a function of beam power and b aspect ratios plotted versus the power factor for each of the laser beam diameters
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Fig. 8   CT X-ray images showing reduced pressure laser welds for 
a a 2500-W, 0.39-mm-diameter beam having occasional root pores; 
b 6000-W, 0.58-mm-diameter laser beam weld with no pores; and c 

6000-W, 0.74-mm-diameter laser beam weld with no pores. Note the 
thickness of the 15-mm plate for scale

Fig. 9   Reduced pressure laser weld microstructures formed at the crown (a, b) and root (c, d) in the laser welds. The scale markers (lower right-
hand side of images) are 200 mm (a and c) and 50 mm (b and d)
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with some reduction in porosity for some alloys using non-inert 
gas that allows pores to dissolve into the liquid melt pool [51], 
and particularly under reduced pressure conditions [24, 31, 32].

The results from this investigation confirm the ben-
efits of reduced pressure laser welds on reduced porosity, 
where minimal porosity was observed, even in the deepest 

Fig. 10   Fusion zone, HAZ, and parent metal microstructures of the reduced pressure laser weld made at 1000 W at a low magnification and b 
higher magnification near the fusion boundary. The scale markers (lower right hand side of images) are 500 mm (a) and 50 mm (b)

Fig. 11   a Relationship between electron beam voltage and beam current required to maintain a constant beam diameter FWe2 = 0.58 mm from 
300 to 6000 W power, b measured beam size (FWHM and FWe2), and c measured peak power density as a function of beam power
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penetration keyhole welding conditions. Optical metallog-
raphy showed no porosity in the weld cross sections, but 
CT inspection was able to see root porosity in some of the 
welds. The porosity was always confined to the root of the 
weld, was more prevalent in the smaller diameter fibers (0.1 
and 0.2 mm), and was more prevalent in the higher power 
welds with high aspect ratios. The 0.3-mm diameter showed 
no pores at all, throughout the entire range of powers and for 
both the 400- and 500-mm focal length lenses.

Figure 8a shows CT scans of a 0.39-mm-diameter beam weld 
with some porosity, which appears as a string of small pores in 
line at the weld root and is typical of the welds made at 2500 W 
or higher on the 0.20- and 0.39-mm laser beams. The pore sizes 
are less than 1 mm and represent significantly less than 1% of 
the fusion zone volume, and would typically not be considered 
a problem in a well-designed step joint configuration where the 
root porosity is buried below the step and into the backing mate-
rial. This type of porosity is similar to that commonly observed 
in electron beam keyhole welds, and is related to spiking of the 
high power density beam at the weld root [2, 65]. CT scans 
of the reduced pressure laser welds using the 0.3-mm-diameter 
fiber are shown in Fig. 8b for the 0.58-mm beam (400 mm focus-
ing lens) at 6000 W, and in Fig. 8c for the 0.74-mm (500-mm 
focusing lens) beam at 6000 W. Neither of these beams devel-
oped any porosity over the entire range of powers up to 6000 W, 
which differentiates them from deep penetration electron beam 
welds that commonly have root spike defects.

The microstructural features of the laser welds are shown 
in Figs. 9 and 10. The fusion zone microstructure is comprised 
mainly of what appears to be acicular α′ phase that forms 
martensitically from the prior β grain boundaries in the fusion 
zone and grows into the interior of the grains. A slightly 
coarser Widmanstätten α phase may also be present in places, 
while residual β  exists between the α or α′ acicular phase nee-
dles or plates. This microstructure is characteristic of rapidly 
cooled welds such as laser and electron beam, where there is 
little time for the acicular α or α′ phase to coarsen into laths. 
Figure 9 shows this microstructure at low and high magni-
fications at both the crown and root of the fusion zone for 
the 2000-W weld made with the 0.58-mm-diameter beam. In 
these micrographs, the β phase etches darker than the alpha 
phase, and the prior β grain boundaries show up where dif-
ferent orientations of the alpha phase meet on either side of 
the boundary. The prior β grain boundaries are larger and 
more elongated at the crown compared with the root of the 
welds, and these microstructural features are similar in all the 
reduced pressure laser welds examined in this study.

Figure 10a shows the heat-affected zone of this same 
weld at low magnification, clearly indicating a gradient in 
microstructure from the fusion zone to the base metal. The 
microstructure adjacent to the fusion zone boundary was 
heated above the β transus of approximately 900 °C where 
complete transformation to β occurred prior to cooling. This 
microstructure is shown at higher magnifications in Fig. 10b. 

Fig. 12   Electron beam weld 
cross sections for the 0.58-mm-
diameter beam series of welds 
at a focal length of 400 mm 
from 300 to 6000 W. Note the 
changes in magnification scale 
markers
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Further away from the fusion boundary, the grains coarsen 
relative to the base metal and retain some untransformed 
alpha phase, giving it a similar appearance to the base metal 
but with a transition in grain size from the coarsened HAZ 
grains nearer to the fusion boundary to the smaller base 
metal gains.

3.4 � Comparison to electron beam welds

The electron beam power distributions were characterized at 
a focal length of 500 mm, using different accelerating volt-
ages to create two spot sizes that matched the 0.39-mm and 
0.58-mm laser beams. Table 3 summarizes the power den-
sity distribution of the two electron beams at a 1-kW power 
level as measured by the EMFC shows that the 0.39-mm-
diameter electron beam has a peak power density (PPD) 
of ~ 15,000 W/mm2, and the 0.58-mm-diameter beam has a 
power density of ~ 7000 W/mm2. These peak power densi-
ties are approximately 1.5 × higher than the top-hat value of 
the laser beam due to the inherent difference in the power 
density distributions between fiber laser and the electron 
beams as shown in Figs. 2 and 3. Additional mapping of 
the electron beam at 500-mm focal length showed that it 

would be difficult to produce a 0.58-mm-diameter beam at 
the highest power of 6000 W; hence, the electron beam focal 
length was reduced to 400 mm where it could easily obtain a 
0.58-mm beam at all powers from 300 to 6000 W.

Electron beam welds were then made at a focal length of 
400 mm to exactly match the 0.58-mm-diameter laser beam 
throughout the entire power range to match the 0.3-mm laser 
fiber, 200-mm collimator, and 400-mm focal length lens that 
had a 0.58-mm beam diameter. To keep the electron beam 
diameter constant as the beam current increased at a fixed 
focal length, the accelerating voltage was increased with 
beam current. Figure 11a plots the relationship between kil-
ovolt and milliampere for the 14 electron beam welds that 
were made while keeping the beam diameter FWe2 constant 
at 0.58 mm ± 0.01 mm. The results are further summarized 
in Table 6 and show that beam voltages as low as 55 kV and 
up to 135 kV were required to maintain the beam diameter 
from low beam currents of 5.5 mA for the 300-W beam up 
to the maximum of 44.4 mA for the 6000-W beam.

Figure 11b plots the beam size measurements for the 
FWHM (beam width at 50% of the peak power density) and 
FWe2 (beam diameter at 1/e2 (13.5%) of the peak power 
density) for each of the electron beams, while Fig. 11c plots 

Fig. 13   Comparison of the electron beam and reduced atmosphere laser beam weld cross-sectional shapes for the 0.58-mm-diameter beams plot-
ted versus weld power showing a weld penetration, b keyhole width, and c weld aspect ratio (D/W)
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the measured peak power density of each of the beams, 
showing a linear trend with beam power over the entire 
range from 2.2 to 40.6 kW/mm2 as measured by the EMFC 
diagnostic. Note that FWHM contains 50% of the beam’s 
power, while FWe2 contains 86.5% of the beam’s power and 
is equivalent to the 4σ diameter of a circular Gaussian shape 
used to describe laser beams [66].

Electron beam welds were made at the same speed as 
the laser welds (15.4 mm/s) with each of the 14 parame-
ters summarized in Table 6 and in Fig. 11. The welds were 
made in vacuum at 9 × 10–5 mbar, producing clean shiny 

metal surfaces with no oxide discoloration. At powers above 
2000 W, there was some ejection of small molten droplets 
from the weld, and above 4000 W there was some humping 
of the weld bead along its length. The welds were cross 
sectioned approximately 15 mm from the start of the weld, 
which is past the initial hump in the plate that is produced 
prior to the weld keyhole stabilizing. After cross section-
ing, polishing, and etching, the welds were photographed 
and measured for penetration depth and keyhole width. The 
deeper electron beam welds had a noticeable spike at the 
root, and the weld depths were measured at approximately 

Fig. 14   Weld root cross sections imaged at the same magnification 
and power density distribution comparison of the electron beam and 
reduced pressure laser weld at 2500  W for the 0.58-mm-diameter 

beams. a Laser weld root, b laser weld power density distribution, 
c electron beam weld root showing porosity, and d electron beam 
power density distribution
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½ of the spike depth due to variability at the root, based on 
the location of the heat-affected zone which is more promi-
nent above the spike than below it. Figure 12 summarizes 
the cross sections of these welds that vary in depth from 
0.9 to 20.8 mm. The overall geometric shape of the weld 
fusion zone is different than the laser welds where it is more 
tapered in the bottom half of the keyhole, creating a more 
pointed and spikier root. Microstructures of the electron 
beam welds looked very similar to the reduced pressure laser 
welds shown in Figs. 9 and 10.

Figure 13 summarizes the EB weld penetration, keyhole 
width, and weld aspect ratios for each of the electron beam 
welds and compares these data to the reduced atmosphere 
laser welds. In these plots, the data are simply plotted ver-
sus beam power since the beam diameter (0.58 mm) and 
weld travel speed (15.4 mm/s) are kept constant for all of the 
conditions. Figure 13a shows the weld depth versus power, 
indicating that the electron beam produces a deeper weld 
by 16% on average (116 ± 5.4%) than the reduced atmos-
phere laser welds over the 6-kW power range. The weld 
widths show similar trends between the EB and laser, with 
the laser having a bit larger keyhole width in general than the 
electron beam. The combination of deeper and slightly nar-
rower electron beam weld profiles results in a higher aspect 
ratio for the electron welds as summarized in Fig. 13c, with 
aspect ratios greater than 10 for both processes at the highest 
power levels.

Figure 14 shows a side-by-side comparison of the roots 
of the reduced atmosphere laser weld and the electron beam 
weld made at 2500 W with 0.58-mm-diameter beams. It is 
clear that the electron beam weld is more tapered at the root 
than the laser weld which maintains its keyhole diameter to 
penetrations closer to the bottom of the weld. In addition, the 
electron beam shows a spike and associated root porosity, 
whereas the laser weld showed no porosity in cross section 
or in X-ray imaging in any of the 0.58- and 0.74-mm-diam-
eter beam welds. It is believed that the difference in weld 
profile is related to the Gaussian shape of the electron beam 
power density distribution which has a more intense peak 
(Fig. 14d) than the top-hat distribution of the laser beam 
(Fig. 14b).

In summary, the results presented here demonstrate that 
deep electron-beam type welds can be made with reduced 
pressure lasers over a wide range of powers in Ti-6Al-4 V. 
These welds have deep keyhole geometries with similar 
aspect ratios as electron beams that operate under high 
vacuum conditions. The reduced pressure laser system is 
robust enough to be used for high volume production and 
has potential advantages over electron beam welding for cer-
tain applications due to the relative simplicity of the laser 
vacuum pumping system with very fast pump down times, 
and weld quality that matches or exceeds electron beams 
with minimal root porosity.

4 � Conclusions

1.	 A reduced pressure laser system was specified for produc-
tion level welding. The laser was used to demonstrate high-
quality welds in Ti-6Al-4 V using a mechanically pumped 
system at 1 mbar (0.1 kPa, 0.75 Torr) pressure that pumps 
the chamber to welding pressures in less than 1 min. Over 
1000 demonstration welds have been made in this system 
on Ti-6Al-4 V without having to clean or change the laser 
beam passthrough window or vapor shield.

2.	 Reduced pressure laser weld depths, widths, and aspect 
ratios were measured as a function of beam power up to 
6 kW. Different optical configurations were used with 
fibers of 0.1-, 0.2-, and 0.3-mm diameters, and focusing 
lenses of 400 and 500 mm, which produced measured 
spot size diameters of 0.20, 0.39, 0.58, and 0.74 mm. 
Deep keyhole welding was observed in all of the welds, 
with narrow keyhole walls, D/W aspect ratios as high as 
17:1, and penetration depths to 20 mm.

3.	 The penetration data for all of the reduced pressure laser 
welds were fit to a power factor relationship (see Eq. 1) 
to account for different beam diameters. The fit had a 
high statistical R2 confidence of 0.989 for the prediction 
of weld depth over a wide range of conditions and pen-
etrations from 1 to 20 mm. This relationship can be used 
to aid in design of future systems to optimize power and 
optical configurations for reduced pressure laser beam 
welding conditions.

4.	 Electron beam welds were developed to match the 
0.58-mm-diameter laser beam, which required an 
increasing electron beam voltage to maintain a con-
stant beam size as the beam current was increased. 
The electron beam welds were made at 9 × 10–5 mbar 
(6.8 × 10–5 Torr) and follow similar penetration trends 
to the reduced pressure laser welds made at 1 mbar, 
with electron beam welds being 16 ± 5.4% deeper than 
the laser welds throughout the entire power range. The 
deeper penetration of the electron beam welds is likely 
related to the more spiked Gaussian-like power distribu-
tion of the electron beam which has about 1.5 × higher 
peak power density than the top-hat distribution of the 
multi-mode laser at a given power and beam diameter.

5.	 The quality of reduced pressure laser welds was 
observed by cross sectioning and X-ray analysis and 
showed that only a few isolated pores were present 
in the reduced atmosphere laser welds made with the 
0.20- and 0.39-mm-diameter beams, while no porosity 
was observed in any of the 0.58- and 0.74-mm-diameter 
beams for all powers up to 6000 W. However, cross sec-
tions of the electron beam welds made with a 0.58-mm 
beam diameter showed typical root porosity at powers 
of 1.5 kW and higher.
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Appendix

Table 5   Summary of reduced 
pressure laser weld penetrations, 
widths, and aspect ratios for 
Ti-6Al-4 V at 15.4 mm/s

Power 0.20-mm beam 0.39-mm beam 0.58-mm beam 0.74-mm beam

(W) Depth Width D/W Depth Width D/W Depth Width D/W Depth Width D/W

(mm) (mm) - (mm) (mm) - (mm) (mm) - (mm) (mm) -

200 0.9 0.57 1.58
300 1.58 0.63 2.51
400 2.38 0.68 3.5
500 3.17 0.71 4.46
600 3.96 0.72 5.5
700 4.88 0.74 6.59 2.42 0.84 2.9 2.03 0.97 2.1 1.99 1.21 1.6
800 5.54 0.79 7.01
900 6.1 0.82 7.44
1000 6.9 0.89 7.75 3.8 0.88 4.30 2.98 1.02 2.9 2.8 1.21 2.3
1500 6.0 0.92 6.52 4.98 1.17 4.3 4.4 1.29 3.4
2000 7.5 1.03 7.28 6.42 1.28 5.0 6.2 1.38 4.5
2500 9.0 1.07 7.28 8.6 1.34 6.4 7.5 1.38 5.4
3000 12.0 1.15 10.4 10.1 1.5 6.7 9.1 1.48 6.1
3500 13.3 1.15 11.6 11.9 1.58 7.5 11.3 1.87 6
4000 15.4 1.15 13.4 13.4 1.6 8.4 13.1 1.89 6.9
4500 16.3 1.16 14.1 15.5 1.6 9.7 14.1 1.86 7.6
5000 18.3 1.17 15.6 16.0 1.61 9.9 15.3 1.78 8.6
5500 19.1 1.16 16.5 17.8 1.67 10.7 16.1 1.78 9
6000 19.4 1.14 17.0 18.9 1.69 11.2 17.6 1.75 10.1

Table 6   Summary of electron beam weld and beam parameters, weld penetrations, keyhole widths, and weld aspect ratios for Ti-6Al-4 V. All 
welds made at 15.4 mm/s using a 0.58-mm-diameter beam with an effective focal length of 400 mm

Beam power Beam voltage Beam current Beam peak 
power density

Beam width 
FWHM

Beam diam-
eter FWe2

Weld depth Keyhole width 
at half-depth

Weld aspect 
ratio D/W

(W) (kV) (mA) (W/mm2) (mm) (mm) (mm) (mm) -
300 55 5.5 2200 0.32 0.57 0.9 1.08 0.83
500 58 8.6 3500 0.32 0.58 1.8 0.9 2.2
700 64 10.9 5020 0.33 0.58 2.7 1.05 2.5
1000 68 14.7 6800 0.34 0.59 3.8 1.12 3.1
1500 75 20.0 11,100 0.33 0.58 5.9 1.15 5.1
2000 82 24.4 13,900 0.34 0.59 7.7 1.25 6.2
2500 88 28.4 17,500 0.33 0.59 9.8 1.29 7.6
3000 94 31.9 20,600 0.34 0.58 12.1 1.39 8.7
3500 99 35.3 24,100 0.35 0.59 13.7 1.5 9.1
4000 105 38.1 27,100 0.34 0.59 15.8 1.5 10.5
4500 111 40.5 32,200 0.34 0.57 16.9 1.6 10.6
5000 120 41.7 34,400 0.35 0.58 18.4 1.6 12.3
5500 128 42.9 37,800 0.33 0.59 19.6 1.63 12.0
6000 135 44.4 40,600 0.33 0.59 20.8 1.63 12.8
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