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Abstract

High-energy density beam processes for welding, including laser beam welding and electron beam welding, are essential
processes in many industries and provide unique characteristics that are not available with other processes used for welding.
More recently, these high-energy density beams have been used to great advantage for additive manufacturing. This review of the
literature serves to provide an overview of the evolution of the laser and electron beam processes including the fundamental
nature of the beam itself and how such a high-energy density beam has been applied for welding. The unique nature of each
process regarding weld bead formation and penetration, and metallurgical considerations are covered in detail. In addition, the
evolution of monitoring systems for both characterization and control of these beam processes is reviewed. Over 500 references
have been cited in this comprehensive review that will allow the reader to both understand the current state-of-the-art and explore
in more detail the fundamental concepts and practical applications of these processes.

Keywords Electron beam welding - Laser beam welding - Additive manufacturing - Structural metals - Beam characterization -
Process monitoring

1 Introduction Section 1.3 reviews the metallurgical issues associated with

HED beam welding including solidification behavior, grain

High-energy density (HED) beam processes are widely used in
a variety of welding and additive manufacturing applications
involving a wide range of materials. This section provides an
overview of the HED processes including 1) the history of the
development of electron and laser beams, 2) the nature and
application of the HED beam processes, and 3) the metallurgi-
cal considerations that are important in the application of these
processes. Section 1.1 discusses the history and evolution of the
different processes, including major developments and bench-
marks in the use of electron and laser beams for welding and
allied processes. Section 1.2 discusses the nature of specimen
beam interactions for both electrons and lasers. Finally,
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orientation and growth, temperature gradient effects and
microstructure-property relationships.

1.1 History and application of high-energy density
(HED) beam welding processes

HED welding is utilized in a large number of industries span-
ning medical products to aerospace and defense. There are
many advantages to HED processes when compared to arc
welding processes as listed in Table 1. The main benefits
include the ability to produce high depth of penetration at
travel speeds greater than other fusion welding processes, thus
substantially improving manufacturing productivity and re-
ducing costs. The nature of the highly focused beams also
allows for welds that are less than a millimeter in width for
sensitive electronics or greater than 50 mm in depth in thick
section components.

Although the electron beam welding (EBW) and laser
beam welding (LBW) processes are similar in many ways,
there are fundamental differences that influence process selec-
tion. Table 2 provides a comparison of EBW and LBW.
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Table 1 Advantages and disadvantages of HED compared to other fusion welding processes
Advantages Disadvantages

¢ Low heat input (<5 J/mm-20 kJ/mm)

* Narrow heat affected zone

* Deep penetration (>100 mm),

* High depth-to-width aspect ratios (<1-25)

* Reduced distortion

» Non-contact/improved joint access

« Joining of small components (electronics/medical devices)
« High-energy transfer efficiency (80-90%)

* Reduced/no consumable costs

* Precision part tolerances

* High solidification rates (<0.1->100 mm/s) leading to potential issues with cracking,
porosity, and undesirable phase transformations

* Difficultly in using filler material to improve fusion zone properties

* Inspection (NDE) challenges

* Higher initial equipment investment

Applications more conducive to EBW include its use on ma-
terials that are highly sensitive to oxidation/contamination
where welding in a vacuum provides the best joint quality.
Sections 1.1.1, 1.1.2, and 1.1.3 respectively describe the his-
torical evolution of electron beam (EB) and laser beam (LB)
and other uses of HED processes in manufacturing and mate-
rial processing applications.

1.1.1 Evolution of the electron beam

Electron beams and EBW have roots dating back to the mid-
to-late 19th century with studies of cathode ray tubes and
eventually scanning electron microscopy [1]. The first studies
of thermionic emission were conducted in 1853 [2]. This was
over forty years before the discovery of the electron by
Thomson [3]. Before this, electron beams were still studied
by Hittorf and Crookes in 1869, when they were known as
cathode rays. In 1879, it was seen that they could cause melting
[4, 5]. The melting caused by the ray was seen as detrimental
since the cathode ray tubes were being destroyed. However, in

1904 Pirani suggested that this heating could be used in a
furnace. In 1906, he patented a gas-discharge tube electron
beam which he used to join tantalum [1, 6]. For the next 25
years, generation of electron beams was confined to glass tube
technology [1]. Busch theorized that the electron beam should
follow the optics laws that dictate the behavior of light as he
studied mathematics related to magnetic fields. A colleague by
the name of Ruska experimented with the electron optics and
was able to produce the first magnified image [1, 7, 8]. This
advance was further developed by Briiche and Scherzer as
documented in Geometrische Electronoptik [9, 10]. Only opti-
cal target glass images were produced prior to 1935 when the
first images of solid samples of silicon iron were produced by
Knoll using a scanning electron beam, as shown in Fig. 1.
During this same period, efforts to produce the first scan-
ning electron microscope were underway. Transmission elec-
tron microscopy had already been developed, but the first
modern scanning electron microscope that was able to focus
an image to submicron levels was developed in 1938 by von
Ardenne [4, 11]. He utilized the proposed electron optics

Table2 Comparison between laser and electron beam welding
EBW LBW
Process * High intensity beam of electrons * High intensity beam of photons
Focusing *» Non-contact lenses * Transmissive or reflective optics
* Large depth-of-focus * Generally, smaller depth of focus
* Electron beam is easily manipulated to various * Beam manipulation requires electro-mechanical methods
patterns
Efficiency * High efficiency of input power to electron beam * Low electrical to laser conversion efficiency (maximum at ~50%)
generation
Material * High coupling efficiency between electrons and * Reflectivity issues between photons and conductive metals
Interaction metals (80-90%) * Influenced by surface preparation
* Negligible influence of surface preparation * Not influenced by magnetic materials or fields
* Influenced by external or residual magnetic fields
Environment *» Welds are typically performed under high vacuum (<« Welds are easily performed in atmosphere with or without shielding gases,
10 torr). or under vacuum
» Welds at low vacuum significantly attenuate the * High power requires appropriate plume suppression
electron beam
Safety * Generation of harmful X-rays requires adequate * No x-rays generated
shielding » Damaging to eyes and/or bodily tissues
Cost * High initial investment * Moderate initial investment
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Fig. 1 Early image of silicon iron, Knoll 1935 [4]

lenses to focus the beam down to a very small diameter,
resulting in high magnification.

Nearly a decade later in Germany, the “father of electron
beam welding,” Karl Steigerwald (Fig. 2) was working with
electron optics and high-power electron sources. He devel-
oped a far-focusing source and, by mistake, made a hole in a
platinum aperture. Seeing this, he began “engraving” material.
This “engraving” was actually the first reported bead-on-plate
electron beam weld [1]. An example is shown in Fig. 3. A

Fig.2 Dr. Karl Heinz Steigerwald, the father of electron beam welding, c.
1968 [1]

photo of an early electron beam welding machine developed
by Steigerwald is shown in Fig. 4.

This electron beam engraving/drilling process was patent-
ed, and an American broker and metallurgist by the name of
Rossi bought the patent and began working with Steigerwald
to produce electron beam drilling machines. Shortly after
this, in France, Stohr was working with X-ray manipulation
when he produced a deep penetration weld [1]. Once he
observed this, he decided to join zirconium alloys using
an electron beam so that it would avoid oxidation in the
vacuum (Fig. 5). In 1956, he produced the first machine
designed to weld [12].

From 1956 to 1974, only diode electron gun designs were
developed. However, in 1974, Lawrence patented a triode gun
design for electron beam welding [13]. The use of a triode
became the standard, and most modern welding systems today
use a triode design. The beam was not able to be measured
until 1977, when a patent was filed by Vaughan [14]. In 1993,
Elmer et al. [15] published results for improved electron beam
distribution measurements using the modified Faraday cup
with a patent following in 1995 [16], which evolved into the
enhanced modified Faraday cup in 2001 [17].

Many of the major advances in the development of electron
beam welding machines occurred shortly after World War I1.
The machines progressively gained efficiency, the vacuum
levels improved, and were integrated with computer numeri-
cal control (CNC) in the 1980s. However, the basic principles
in the operation of the EB machine itself remained largely the
same as the machines from the 60s and 70s, many of which are
still in operation today [1]. A timeline for the development of
electron beams and EB welding machines is provided in
Table 3. For further reading on the history of the development
of EB welding machines, the reader is referred to References
[1, 4, 19].

1.1.2 Evolution of the laser

The concept of stimulated emission and absorption of radia-
tion was first presented in a paper by Albert Einstein in 1916
[20]. By the 1950s, numerous researchers were simultaneous-
ly working on converting the stimulated emission theory to
application. This initially evolved into the creation of micro-
wave amplification by stimulated emission of radiation
(MASER) named so for the frequency of electromagnetic
waves produced. A Nobel prize was awarded in 1964 to
Charles H. Townes and Alexander Prokhorov/Nikolai G.
Basov on their independent work developing the MASER.
Figure 6 shows Townes on the left standing next to the am-
monia maser system he developed [21, 22]. There is debate as
to whether the first laser was designed by Charles Townes or
Gordon Gould; the latter is believed to have first created the
term light amplification by stimulated emission of radiation
(LASER) and designed a laser system containing a Fabry-
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Fig. 3 First electron beam weld, a
bead-on-plate engraving pro-
duced in 1949 [1]

Pérot resonator cavity. Gould’s initial patent application was
in 1959 [23]; however, this was after Townes had already
applied for a patent in 1958 describing the production of in-
frared radiation [24, 25]. After legal battles, Gould was finally
granted recognition for his work [23, 26]. Although, it was
Theodore Maiman who first produced practical amplification
of light using a ruby crystal (Al,05 doped with Cr,O3) [27]. A
photograph of this laser is shown in Fig. 7 [22]. The ruby rod
was housed within a coiled flashlamp that was encapsulated in

Fig. 4 Lab prototype of an electron beam welding machine, 1951 [1]

@ Springer

areflective aluminum cylinder [28]. The late 1950s and 1960s
were an important time period for development of fundamen-
tal laser technology with gas, diode, and fiber active mediums
initially theorized, constructed, and analyzed for feasibility.
These early developments in laser production have signifi-
cantly advanced over the last half century. Table 4 shows
the major chronological events in laser development leading
to the current material processing technologies and
applications.

After helium-neon gas lasers failed to make continued im-
provement in power gains, Kumar Patel at Bell Telephone
Laboratories analyzed transitions of molecules to develop
the carbon dioxide (CO,) laser [39, 47]. Patel also discovered
significant benefits by adding nitrogen [48] or helium, oxy-
gen, and/or water vapor to the CO, gas [47]. By 1965, Patel
et al. [49] reported a continuous wave (CW) output power of
105 W with 6% conversion efficiency emitting at a wave-
length of 10.6 um. Figure 8 shows Patel next to a CO, laser
in 1967. These initial gains and significant advantages spurred
a growth in CO, lasers for industrial material processing ap-
plications, and commercially produced CO, lasers eventually
reached maximum CW output powers of 50 kW [50]. For
decades, CO, dominated the laser cutting and welding mar-
kets until the creation of the disk laser and further develop-
ment of the fiber laser. A significant drawback with CO, lasers
is the generation of the 10.6 pm wavelength that is highly
reflected by most metals and does not allow for high power
transport through glass optical fibers. For more information on
reflectivity, the reader is referred to Section 3.1.3 and Fig. 55.

In the same year as the CO, laser discovery, Geusic et al.
[40] reported development of the neodymium doped yttrium
aluminum garnet (Nd:YAG) lasing medium. The Nd:YAG
rod laser eventually made its way into welding applications
requiring lower average powers and, particularly, where beam
delivery through an optical fiber and/or pulsed welding was
possible. However, the original flashlamp pumped Nd:YAG
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Fig. 5 First deep penetration welds in a Zircalloy plate, 1958 [1]
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rod lasers were limited in their potential due to poor flashlamp
pumping efficiencies and minimal power output. The power
limitation is due to the inability to sufficiently cool the rod-
shaped crystal. For more detail on laser operation and a de-
scription of pumping, the reader is referred to Section 3.1.

In 1992, Giesen et al. [43, 44] modified the YAG rod
geometry to produce a thin disk that enabled efficient,
through-thickness heat extraction by applying cooling to
a single face on the disk. Along with diode pumping, this
substantially improved the efficiency and the ability to
generate higher output power. This was the original de-
velopment of the disk laser that currently competes with
fiber lasers for market share in welding applications. By
2012, disk lasers were commercially available that pro-
duced 6 kW of power from a single disk design [51, 52].

Poor pumping efficiencies were understood in the early
years of laser development, and the potential for GaAs diodes
to pump a Nd:CaWOQ, laser was originally proposed by
Newman in 1962 [38]. A year later, Keyes and Quist [53]
reported analyzing diodes to pump a CaF,:U** laser and a
possibility of 50% electrical conversion to pump radiation.
A representation of this transversely pumped laser-diode con-
figuration is shown in Fig. 9 [53].

Diode pumping further progressed as a source for pumping
Nd:YAG crystals as shown in Fig. 10 [54], and diode pumped
Nd:YAG lasers were commercially available in 1984 [55].
The selective pumping with a narrow band of wavelengths
at the absorption bandwidth of Nd** allowed for reducing heat
generation and improving pump light conversion efficiency.
However, these initial diodes were limited in application. This
limit was caused by low output powers and the need to cool
the diodes to cryogenic temperatures. Continued evolution of
diode technology led to significant pumping improvements
and now diode pumping outperforms flashlamp pumped
solid-state lasers. The rise in fiber laser technology is attribut-
ed to improvements in diode lasers and diode lifetimes, report-
ed to be as high as 100,000 h of operation [46]. By the early
2000s, diode pumping enabled solid-state lasers to become
competitive with high-power CO, lasers [55]. Increases in
diode output power and efficiency are necessary for reducing
costs in diode pumped disk lasers, and as of 2020, single diode
bars are reported to produce as high as 300 W of continuous
power [56].

Table 3  Timeline of events leading to the development and improvement of the electron beam welding process

Date Name Achievement Reference
1853 Becquerel First studies of thermionic emission [2]
1869 Hittorf and Crookes Utilized electrons in the form of cathode ray tubes [4]
1879 Hittorf and Crookes Cathode ray used to melt [4, 5]
1897 Thomson Discovery of electrons [3, 18]
1904 Pirani Proposed the use of electron beam as a heat source [1]
1906 Pirani Patented gas-discharge tube electron beam to join tantalum [1, 6]
1906 De Forest First triode design of a cathode ray tube [1]
1926 Busch Theorized electron optics by studying magnetic field mathematics [1,7]
1931 Ruska First experiments with electron optics, forming a magnified image [1, 8]
1934 Briiche and Scherzer Published Geometrische Elektronoptik detailing systematic experiments of lenses [10]
1935 Knoll First images of solid samples using a scanning electron beam [4]
1938 Von Ardenne First scanning electron microscope to use magnetic lenses and produce a sub-micron probe [4,11]
1949 Steigerwald First electron beam drilling and welding [1]
1952 Steigerwald and Rossi First electron beam drilling machine produced [1]
1954 Stohr First deep penetration welds [1]
1956 Stohr First machine designed for electron beam welding [1, 12]
1974 Lawrence Patented a triode gun design for electron beam welding [13]
1978 Vaughan Patent of a device for electron beam diameter measurement [14]
1995 Teruya and Elmer Patent to tomographically measure electron beam distribution [16]
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Table 4 Major achievements leading to the development of lasers and laser welding

Date  Name Achievement Reference
1916  Einstein Theorized light and stimulated emission [20, 29]
1927  Ladenburg Showed that stimulated emission was possible [30]
1953 Weber Publication describing function of the MASER [31]
1954  Townes and Gordon First demonstration of a MASER [32]
1957  Gould Developed the term laser and sketches his idea for a design containing a resonator cavity. [21,22]
Initial patent application followed in 1959.
1958  Schawlow and Townes  Aurticle describing the extension of MASER techniques to higher frequencies (infrared region) [25]
1960  Schawlow and Townes  First patent (Patent No. US 2,929,922) describing the MASER [24]
1960  Maiman Produced amplification and working laser using a ruby crystal housed within a flashlamp [27]
1960  Javan et al. Invented the first continuous wave helium-neon laser [33]
1961 Snitzer Development of fiber laser doped with Nd** ions [34]
1962  Hall etal. Demonstration of coherent light emission in a Ga-As p-n junction (diode laser). First [35]
Nathan et al. demonstrations of direct conversion of electrical energy to coherent radiation [36]
Quist et al. [37]
1963 Newman Recognized pumping Nd** ions via GaAs diodes [38]
1964  Townes Received Nobel prize in physics for their independent work on developing the MASER [32]
Prokhorov and Basov [22]
1964  Patel Invention of the CW CO, laser at 9.6 and 10.6 um wavelengths [39]
1964  Geusic et al. Invention of the Nd:YAG laser at a 1.06 um wavelength [40]
1964  Snitzer and Koester Analyzed first fiber laser amplification [34, 41]
1985  Poole et al. First reported CW output from a single mode, diode pumped Nd** fiber laser [42]
1992 Giesen et al. Invention of diode pumped Yb:YAG disk laser [43, 44]
2000  Gapontsev Invention for coupling multi-mode pump light into a single mode fiber (Patent No. US 5,999,673)  [45]
2004  Gapontsev Fiber lasers produce total power of 10 kW at wall plug efficiencies of nearly 20% [46]

Besides pumping, diode technology evolved into high-
power diode lasers (HPDLs) that are directly used in material
joining applications. Soldering was one of the earliest direct
diode joining applications and was reported in 1991 [57].
Higher powers are produced through fabrication of diode
“bars” that are an array of diodes arranged on a single chip

L%

Fig. 6 Charles Townes (left) and James Gordon (right) standing next to
the ammonia MASER [21]

@ Springer

[58, 59], and to further increase the output power, bars are
stacked together forming arrays or diode “stacks” [55].
During the 1990s, another method of increasing overall diode
output power was introduced by coupling the diode output
from a single emitter or bars into individual fibers that are
combined to a single delivery fiber [59, 60]. Arrays and stacks
of diodes have inherently poor beam shapes requiring manip-
ulation of the output light. One of the earliest beam shaping
approaches was reported by Clarkson and Hanna [61] in 1996,
which produced circular spots from high-power diode bars.

The idea behind light transport through a waveguide of low
refractive index material preceded maser development, but in
1961, Snitzer [34, 62] published a theory on transmitting a
single electromagnetic mode through a thin glass fiber.
However, excessive attenuation in the early fiber designs
made them not practical for application. Keck and Schultz
[63] filed a patent in 1973 for production of optical wave-
guides with acceptable levels of attenuation. About 20 years
later, optical fiber designs evolved rapidly with the expanding
telecommunications industry.

Multiple variations of the fiber lasers were developed based
on dopants, methods of pumping, and pulsing, but there was
minimal improvement in output power for nearly two de-
cades. It was not until 1989 that Wyatt [64] produced over
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Fig. 7 First laser containing a
ruby crystal developed by
Theodore Maiman (left) [28], and
Maiman behind a larger variation
of the original laser (right) [22,
28]

250 milliwatts of power from a Ti:sapphire pumped Er doped
fiber laser. A year earlier, Snitzer et al. [65] reported the de-
velopment of double-clad fibers containing an offset, single
mode core shrouded within a multi-mode pumping fiber. This
improved coupling efficiency of pump light enabled low
brightness beams to produce a high intensity, single mode
beam [66]. In 1994, Gapontsev and Samartsev [45] patented
the technology for side pumping a single mode fiber with
multi-mode pump light. This enabled significant scaling of

Fig. 8 Photo of Kumar Patel
standing next to a CO, laser in
1967 [22]

SILVER
REFLECTORS

power because numerous locations along the fiber could be
injected with pump light. Significant power improvement was
continued by Gapontsev and the IPG Photonics Corporation.
In 2004, Gapontsev [46] reported fiber lasers with a total
power of 10 kW by combining individual laser modules to
scale single fiber output, and the first commercially available
single mode 10 kW laser was available from IPG Photonics®
in 2009 [67]. At the time of this writing, fiber lasers are com-
mercially available with power outputs in excess of 100 kW
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Fig. 9 Drawing of GaAs diode
pumped CaF,:U*" laser published
in 1963 [53]
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with weld research published in 2018 by Kawahito et al. [68]
using a 100-kW fiber laser.

1.1.3 Hybrid laser-arc welding

Hybrid laser-arc welding (HLAW) is a process that brings
together laser and arc welding, in order to attain a combined
advantage of the two welding methods. In most cases, the gas
metal arc welding (GMAW) process is used in conjunction
with the laser. According to Ribic et al. [69] synergy is
achieved through interaction between the arc and the plume
of'ionized plasma created by metal vaporization during lasing,
creating a path of least resistance to create the laser keyhole.

LIGHT EMITTING DIODE

Fig. 10 Configuration of
Nd:YAG laser being pumped
with an array of GaAsxP; x
diodes [54]
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This phenomenon allows for a high-energy density welding
process with double the energy density of a standard arc pro-
cess while maintaining a low heat input per unit length of
weld. The low heat input generated by HLAW has many
benefits including reduced residual stresses [70] and distortion
[71] when compared to a standard arc welding process.
HLAW also retains the primary weld pool characteristics of
both methods, creating a “wine-glass” shape [72] by the dom-
inance of the arc in the upper portion of the weld and the laser
in the lower portion. In addition to lower heat input, the incor-
poration of the laser allows for greater weld penetration, there-
by increasing the range of thicknesses that can be welded in a
single pass and reducing the need for multi-pass welds [72,
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NITROGEN

COPPER

HEATSINK GLASS ROD

GOLD COATED
3.0MMDIA,

YAG:Nd ROD
1.5 MM DIA.



Weld World (2021) 65:1235-1306

1243

73]. The arc provides a widened upper portion of the weld
pool, increasing the ability to bridge gaps in the weld joint,
and relaxing fit-up tolerances when compared to standard
HED processes. Unlike most HED processes, inclusion of
filler metal is standard with HLAW, allowing for greater range
of alloys that can be welded. Inclusion of process monitoring
systems for both arc and laser is also feasible for HLAW,
allowing for greater process control. HLAW is currently see-
ing increased adoption as the primary welding method in sev-
eral industries, including naval construction, where increased
penetration and reduced distortion are desirable.

1.1.4 HED additive manufacturing

Additive manufacturing (AM) is a very broad term and con-
sists of seven main processes, namely 1) vat photo-polymer-
ization, 2) material extrusion, 3) material jetting, 4) binder
jetting, 5) sheet lamination, 6) powder bed fusion, and 7)
directed energy deposition [74]. Lasers and electron beams
are used primarily in the last two processes and are discussed.
Examples of some metallic AM parts are provided in Fig. 11.

Powder bed fusion Powder bed fusion (PBF) is a process
conducted in a chamber in order to deposit the powder mate-
rial in a layer-by-layer fashion. The electron or laser beam
rasters across the powder layer which causes melting and fu-
sion, as shown in the schematic in Fig. 12. This is repeated for
each layer until the part is completely built, after which the
remaining powder is cleaned off and the part is extracted. This
process was introduced in 1986 by Carl Deckard at UT-Austin
under the name “selective laser sintering”, and was patented in
1990 [77]. Arcam AB developed the electron beam process in
1993 [78].

Using powder bed fusion, complex structures can be
made. The beam can focus to 100 microns in diameter or
less, and the powder is typically on the order of tens to
hundreds of microns in diameter. This allows for high pre-
cision and very fine features in the manufacturing of parts.
Due to the simplicity of computer aided design (CAD) file
conversions, rapid prototyping is also a key advantage.
Fully dense parts are achievable with this process, and high
strength and stiffness of the parts can be attained [74, 76,
79, 80].

Some disadvantages to PBF include limitations on part
size, deposition rates, additional costs relating to powder,
startup costs, the presence of defects (cracks, porosity), and
potential health hazards resulting from the use of fine pow-
ders. The size of the chamber is limited by constraints of the
beam being rastered. Laser beam systems (LB-PBF) utilize
galvanometers to scan the beam, and electron beam systems
(EB-PBF) utilize magnetic deflection coils. In order to main-
tain beam focus while scanning the beam without altering the
power distribution, it must stay in a restricted workspace

envelope. Furthermore, as chamber size (part size) increases,
more powder is required to fill the powder bed which greatly
increases the cost per part. Finally, since the layers being built
are generally less than a millimeter in thickness, build times
are long. Higher beam powers and deposition rates can result
in significant part heating. Therefore, parts made using this
process are usually quite small. Health risks include metal
powders, which can be highly reactive and easily respirable,
and, in the case of EB-PBF, X-ray generation [76]. The ad-
vantages and disadvantages of EB-PBF and LB-PBF are listed
in Fig. 13.

Powder is made by atomization, commonly done in a gas,
water, or plasma medium. Gas atomized powders are typically
the preferred feedstock for AM. This is because they are high-
ly spherical, which leads to better feedability properties
[81-83]. Water atomized powder is more common since it is
less expensive, but it leads to irregular particles which can be
detrimental for packing density and feedability and can result
in a number of defects [81]. Depending on the method of
manufacture, powders can contain entrapped gases that pro-
duce porosity in the AM parts. Powder can be recycled, but
typically virgin powder is desired to avoid contamination and
avoid heat-to-heat differences in composition among
manufacturers.

Although LB-PBF and EB-PBF are very similar pro-
cesses, two major differences result in much different pro-
cessing conditions: atmosphere and scanning strategy.
Since EB-PBF is done in vacuum and LB-PBF is typically
done in an inert atmosphere, cooling rates are different by
up to an order of magnitude [84]. The scanning strategy for
EB is much faster than for LB, reaching up to 8 km/s [83].
This results in the ability to preheat to a much higher tem-
perature by rastering the beam rapidly before the fusion
pass. It also allows for pre-sintering of the part, resulting
in fewer support structures that may be required for large
or complex parts. Also, EB-PBF is only applicable to elec-
trically conductive materials; whereas, LB-PBF can be
used for a larger range of materials, including polymers
[76]. EB-PBF also produces more surface roughness and
reduced feature resolution, as compared to LB-PBF [81].

Directed energy deposition Directed energy deposition
(DED) is analogous to multipass welding and is mainly used
for functionally graded materials, metal-matrix composites,
and coatings or cladding [85]. It involves melting of a depos-
ited wire or blown powder using a beam or an arc. Each pass
fuses the deposited feed stock to the previous pass, which
continues until the part is completely built. The first report
of DED was in 1920 when Baker filed a patent, illustrating a
pitcher and a basket made using DED, as shown in Fig. 14
[86]. It was not until 1970 that DED reemerged to build var-
iable composition metal pressure vessels [87]. In the 1980s,
advances in lasers and computer control systems allowed for
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Fig. 11 Examples of metallic AM parts: Westinghouse powder bed fusion (a), LENS™ powder-blown directed energy deposition (b), Sciaky wire-fed

directed energy deposition (c) [75]

further progress, and in the mid-1990s, powder-blown DED
was developed [78]. It was not until 2009 that Sciaky Inc.
patented the current technology for EB-DED [88].

DED allows for much higher deposition rates and larger
parts [76] since a powder bed is not required. It should be
noted that for EB-DED, a vacuum chamber is generally
used, and this chamber is usually relatively large to allow
for large builds. Utilizing CNC, the part can be moved
under the beam, reducing the restriction on part size. It
can also be used to modify or repair existing parts, includ-
ing cladding [85]. The parts still can be complex in shape
relative to traditional manufacturing methods. Much can be
inferred about DED because of the extensive research on
multipass welding for a wide range of materials. In general,
if the material is weldable, it is probably a good candidate
for DED. Schematic illustrations of DED using laser and
electron beam energy sources are shown in Fig. 15.

Some disadvantages of DED include costs, metallurgical
defects, health hazards, reduced precision and complexity of
structures, post-processing requirements (e.g., machining),
microstructural anomalies, and residual stresses/distortion.
DED systems are expensive with the cost increasing signifi-
cantly as the build envelope increases. Similar health concerns

Scan or Path
Direction
_

Molten Pool

Powder
Layer
Thickness

Fig. 12 Laser powder bed fusion schematics [74, 76]
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exist in DED as with PBF, especially when working with
powder feedstock or when using EB-DED. When using wire
feed, post-processing in the form of machining is almost al-
ways required. The DED process uses much higher heat in-
puts than PBF, and when combined with multiple reheats
from increasing layers, this results in large grain structures
and a higher propensity for distortion. This can be alleviated
with heat treatments depending on the build material. The
advantages and disadvantages of LB-DED and EB-DED pro-
cesses are listed in Fig. 16.

Powder-fed DED is only currently available in laser sys-
tems, including laser engineered net shaping (LENS™),
which was developed at Sandia National Laboratories [90].
The use of a powder feed can achieve much smaller details
and better surface quality than wire feedstock. Therefore, it is
known as “net shaping” since the part will require little or no
post-processing. Wire-feed DED is known as “near-net shap-
ing,” which means that the part is close to the final design but
will have to be further processed to achieve the desired shape.
Powder-blown processes have much lower deposition rates
than wire-fed, and normally do not exceed 1 kg/hr [78, 91].
Wire feed can achieve deposition rates of up to 18 kg/h.
However, this also increases heat input and therefore has a
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Fig. 13 Advantages and disadvantages of EB-PBF and LB-PBF [76]

detrimental effect on distortion and microstructure; whereas, EB-DED and LB-DED require different operating environ-
the powder-blown systems can have much better control over ~ ments. Since LB-DED is usually performed in inert atmo-
these issues. spheres, cooling rates are faster. However, highly reactive

Fig. 14. Baker’s illustrations of
AM pitcher and basket, 1926 [86]

e
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materials such as titanium alloys are more suitable for EB-
DED since the high vacuum reduces reactivity with the atmo-
sphere. Only wire feedstock is used in EB-DED because pow-
der feedstock causes issues in a vacuum environment.

A significant issue with both PBF and DED processes is the
presence of defects and microstructural anomalies in the parts
that are built. Similar defects can be observed in both PBF and
DED, and include lack of fusion, porosity, loss of alloying ele-
ments through vaporization, and cracking or delamination [84,
92]. Surface roughness can also be considered a defect; although,
this can be remedied by post AM processing. Lack of fusion is a
result of powder not being fully melted and/or fused to the un-
derlying layer. This usually results from too low of a power
density, a non-optimized scanning strategy, or a combination of
both. Porosity can be the result of a keyhole that forms in the
build or gas trapped in the molten metal. Typically, additive
manufacturing uses the conduction mode to melt each layer
[74, 76, 78, 84, 89]. Using too high a power density can result
in a keyhole, and the keyhole can become unstable, resulting in
porosity. Gas porosity can occur from unclean powder being
melted, resulting in the formation of gas bubbles during solidifi-
cation. This can usually be controlled by controlling powder
quality. Porosity concerns are one reason that powder is not re-
used. Other reasons include alteration of particle shape, size, and
flowability as well as composition variations [93].

Loss of alloying elements can occur during each pass and is
directly related to power density. This results from preferential
vaporization of certain elements in the material. The local
change in composition can affect the microstructure, and
therefore, its mechanical and corrosion properties. For exam-
ple, preferential vaporization of chromium in stainless steels
may reduce the corrosion resistance of the part. Finally, crack-
ing occurs for the same reasons as in welding. This can be in
the form of solidification cracking, liquation cracking, or de-
lamination. Since each layer behaves essentially as a single
pass in a multipass weld, the cracking mechanisms are rela-
tively well understood since they are analogous to those dur-
ing welding. Some examples of defects occurring in additively
manufactured components are shown in Fig. 17.
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1.1.5 Other applications of HED beams

Electron and laser beams have a significant advantage over
other energy sources for providing high incident energy den-
sity and allowing rapid processing speeds. These benefits have
revolutionized technological advancements in many material
processing applications including brazing, cutting, drilling,
transformation hardening, and cleaning. The following sec-
tions provide brief descriptions and further references for
these material processing applications that involve HED
beams.

Brazing HED brazing is conducive to joining dissimilar metals
because of high efficiency noncontact heating. Laser brazing
was used in automotive applications as early as 1997 [95, 96].
The Nd:YAG lasers used in brazing applications were even-
tually outperformed by more efficient disk, fiber, and diode
lasers. Variations of the laser brazing process include tandem
laser brazing reported in the early 2000s. This utilizes one
laser to heat the substrate and another laser to melt the brazing
filler metal. The tandem process was reported to produce su-
perior wetting through laser preheating [97, 98]. The latest
advancement in laser brazing uses beam splitting technologies
to produce multiple spots such as two lead spots to ablate
galvanic coatings and improve quality and processing speeds.
A schematic of this beam splitting process is shown in Fig. 18.
Reimann et al. [99] showed improvements in braze quality
using a trifocal beam to vaporize zinc on galvanized steels.
Automotive industry applications are a major opportunity for
laser brazing with ongoing interest in brazing zinc coated
steels [96, 99, 100] and for dissimilar combinations such as
aluminum-to-steel and magnesium-to-steel [101].

Cutting Electron beam cutting was under development as ear-
ly as the 1960s with an initial patent for an EB cutting control
device filed in 1962 [102]. However, electron beam cutting
applications are limited in application [89]. This is due to high
equipment costs and the need for vacuum environments, com-
ponents free of magnetic fields, and electrical conductivity.
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< Di ion of Part Motion System

Fig. 15 Schematics of powder-blown DED (a) [74] and Wire-fed EB-DED (b) [89]
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These issues are effectively eliminated with cutting methods
involving lasers.

The most common industrial application of lasers is for
cutting rather than welding. In 1967, CO, laser cutting
with oxygen assist gas was demonstrated at The
Welding Institute (TWI) by Sullivan and Houldcroft
[103]. Photos of the laser cutting setup and operation at
TWI are shown in Fig. 19 [104]. The benefits of lasers
compared to other processes include high cutting speed,
narrow kerf width, easy automation, limited dross, no tool
wear, narrow heat affected zone (HAZ), and the ability to
cut nearly all materials [105—107]. It is common to utilize
a coaxial assist gas (air, oxygen, or inert) to aid in mate-
rial removal and protect laser optics when cutting metals.
Numerous lasers are used for cutting including: CO,,
Nd:YAG, excimer, diode, disk, and fiber. Generally,
shorter wavelengths lead to improved cuts unless there
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is an issue with maintaining comparable beam quality
between different laser sources [106].

Laser cutting of metals was initially limited to the thickness
range of 15-25 mm [107, 108]. In the late 1990s and early
2000s, dual focal optics [109] and assist gas cutting with ox-
ygen was improved, both of which allowed deeper cuts and
enhanced cut quality [108]. The dual focus system was report-
ed to improve cut speed, cut depth, process stability, and
reduce/eliminate dross formation [109, 110]. A variant to this
design was initially patented in 1991 by producing two focal
positions split horizontally from the beam axis for welding
butt joints [111]. The advancement of assist gas was per-
formed by O’Neil and Gabzdyl [108] who reported cut depths
as high as 50 mm. This process was referred to as laser-
assisted oxygen (LASOX) and utilized a larger beam diameter
than the oxygen gas jet diameter. The purpose of this is to
maximize the oxidation reaction and consume all the available
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Lack of Fusion

Build
Direction

Fig. 17 Examples of the different types of welding related defects found
in AM parts [94]

oxygen to aid in higher heat input and increase cutting
efficiency.

The latest improvements in laser beam cutting (LBC) in-
volve conversion from CO, to disk and fiber lasers that offer
better wall plug efficiencies and improved beam quality at
comparable powers. In 2011, TRUMPF® announced the de-
velopment of a single delivery fiber containing two concentric
fibers for transporting different beam intensities to the optics
[112]. This enables a multi-purpose machine to rapidly switch
from high intensity laser cutting to a larger, uniformly distrib-
uted low intensity beam for welding.

Drilling A patent for an electron beam drilling device was
initially applied for in 1951 by Steigerwald [113] claiming
the ability to produce holes with diameters down to 100 pm.
The significant advantage to EB drilling is the ability to pulse
and deflect electrons at rapid rates. The combination of high
speed beam deflection and programmed work piece motion

Forerunning
laser beams

Filler wire

Fig. 18 Trifocal laser brazing [99]
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allows for hole drilling rates upwards of 3000 holes per sec-
ond [89].

Laser beam drilling was introduced as early as 1965 by
repurposing a laser cutting machine to drill diamonds [114].
Laser drilling relies on high power densities (>10° W/mm?)
and short interaction times (micro to milliseconds) to vaporize
and eject molten material during single or repetitive pulses
[105]. Metals are largely drilled using lasers near 1 pm in
wavelength and beams with divergence as low as possible to
improve drilling performance. Larger holes are produced via
laser trepanning to vaporize an increasingly larger region up to
the desired hole size. For metals, pulse energies may range
from 0.1 to 100 J/pulse with pulse durations ranging from 0.1-
2 ms [107, 115].

Generally, high pulse energies produce faster drilling rates
but decreased hole quality [115], and higher repetition rates of
femtosecond pulses are advantageous compared to picosec-
ond pulses [116]. By shortening pulse widths, material remov-
al is more efficient and heat accumulation is reduced unless
the subsequent pulse interacts with the particle plume [117].
Also, it is shown that changing the pulse shape [118] or mod-
ifying a progression of pulses composed of individual, repet-
itive pulses at different energies may improve hole quality
[119].

Transformation hardening Transformation hardening was
demonstrated as early as 1973 by Locke and Hella [120].
The HED heat treatment process allows for precise control
of transformation depth (or “case” depth) with low heat input
and minimal distortion. It is generally applied to iron-base or
titanium alloys where rapid cooling promotes a martensitic
reaction where hardening constituents form through allotropic
transformations. The depth of case hardening is controlled by
varying the power, beam size, and travel speed and is depen-
dent on the alloy transformation properties. Hardening can
also be accomplished by “glazing”; whereby, a surface layer
is melted and rapidly solidifies as an amorphous layer [89], or
progressive melting and remelting at decreasing depths to at-
tain increased hardening depth [121].

Originally, CO, lasers were utilized (compared to other
lasers) due to their high efficiency and output power. An
issue with the 10.6 pm wavelength for transformation
hardening is the high reflectivity (as high as 90%) on me-
tallic surfaces [122]. To counteract the high reflection, ab-
sorptive coatings were applied to improve the process ef-
ficiency and remain competitive with other transformation
hardening techniques. Using this approach, electron beam
hardening is beneficial with energy transfer efficiencies
nearing 80% [123].

Cleaning Laser cleaning has been expanded to a variety of
applications from art restoration [106] to paint stripping
[124, 125]. In comparison to conventional methods of
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Fig. 19 Photos of CO, laser
cutting at The Welding Institute in
1969 [104]

material preparation and surface cleaning such as pickling
solutions and organic solvents, lasers are more environmen-
tally friendly. Lasers are also favorable over mechanical
methods such as blasting, abrasive sanding, or wire brushing
through efficiency improvements and no consumable ex-
penses. There are different mechanisms of material removal
that depend on the laser power density and interaction time.
This includes solely ablation or vaporization, impact of rapid-
ly expanding gases to fracture bonds, and rapid heating of the
surface to produce atomic vibrations that fracture bonds [106].
The first patent, “Method and Apparatus for Erasing”,
pertaining to laser cleaning was produced by Arthur
Schawlow in 1971 [126], who helped develop the maser with
Townes.

The practical material processing applications for laser
cleaning are removing rust and oxide layers, grease, paint, dirt,
and other unwanted substances adhered to surfaces.
Removing scale from a steel surface was reported in 1974
using industrial CO, lasers at powers up to 10 kW [127].
The appropriate laser wavelength and source characteristics
are dependent on the type of contaminant removal, especially
when considering high frequency pulses, such as femtosecond
lasers. Chen et al. [125] reported that CO, lasers are beneficial
for paint removal on steel; while, the shorter wavelength
Nd:YAG laser is conducive to rust removal applications be-
cause it is more susceptible to creating surface damage
through heating [125]. Research from Lu et al. [128] showed
that a KrF excimer laser (0.248 um wavelength) was better
suited at removing organic material on Cu, Al, and stainless
steel than a CO, laser. Generally, laser output is pulsed for
greater effectiveness and minimal thermal damage, and the
use of picosecond and femtosecond pulsed sources are in-
creasingly beneficial [129]. Seo et al. [130] showed improve-
ments in copper oxide removal and minimal heating that
causes reformation of oxides when using a femtosecond
pulsed laser as compared to nanosecond pulsed Nd:YAG
and excimer lasers.

1.2 Weld formation

High-energy density processes use two distinct “modes” to
achieve penetration of the molten pool into the workpiece,
namely, conduction and keyhole. These modes of welding
affect the physical geometry of the fusion zone based on dif-
ferences in interaction of the beam with the workpiece. A
schematic comparison of conduction and keyhole mode weld
profiles is provided in Fig. 20.

Conduction mode welding occurs at low power densities
and results in a fusion zone with a low depth-to-width aspect
ratio. In conduction mode, depth-to-width aspect ratios are
generally less than one. High power densities produce deep
penetration, high depth-to-width ratio welds that are attributed
to the formation of a vapor capillary that produces a weld
cross-section resembling a “keyhole.” A transition or mixed
mode region also exists between complete conduction and
keyhole mode welding. This is a combination of conduction
mode welding and the onset of keyhole formation. Figure 21
shows an approximation of the power densities needed for
material processing applications from transformation harden-
ing, through welding, and up to drilling based on beam diam-
eter and power.

Although power densities and aspect ratios are reported
to distinguish between keyhole and conduction, these num-
bers are approximations, and the actual weld regime is
highly dependent on power, travel speed, beam diameter,
and the material under investigation [132]. Figure 22
shows a distinction between these modes of welding as
defined by Assuncdo and Williams [133]. They report a
large transition regime with keyhole mode occurring just
above 0.3 MW/cm? (3 kW/mm?). The comparison between
stainless steel (Fig. 22a) and aluminum (Fig. 22b) shows
the difference associated with materials with aluminum
having a higher reflectivity and thermal conductivity, thus
showing a higher power density required for transitioning
into keyhole mode welding. EBW exhibits a rapid

@ Springer



1250

Weld World (2021) 65:1235-1306

transition from conduction to keyhole mode due to the
efficient energy transfer into the workpiece. One issue with
LBW is the ability for the workpiece to absorb light ener-
gy. It is generally believed that absorptivity is proportional
to the square root of electrical resistivity [134]. Webber
et al. [134] report that absorptivity based on calculations
of the material emissivity at 300°C for 304 stainless steel is
less than 15% and Ti-6Al-4V is approximately 15%. The
poor absorption of energy in LBW requires a much higher
threshold power density, as large as two orders of magni-
tude [131], to generate a keyhole as compared to EBW.

To understand the difference between EBW and LBW, it is
necessary to consider the underlying physics between photons
and electrons. Based on the de Broglie equation, electrons can
be treated as waves with a wavelength dependent upon
Planck’s constant and the momentum (mass x velocity) of
the electron as shown in Eq. 1 [131]. Using the rest mass of
an electron (9.110 x 107! kg) and a velocity 50% the speed of
light (1.499 x 10® m/s), Eq. 1 shows a six order of magnitude
difference between the wavelength of an electron at 0.005 nm
and the wavelength of a laser at 1070 nm.

)\ = —-—=—-—
p my
6.626x107* m? kg /s

- ~0.005 1
(9.109x10°7" kg) (1.499x10%m/s) mo )

where: \ = wavelength, s = Planck's constant, p = momentum,
m = mass, v = velocity

It is believed that the emitted photons from LBW interact
with free electrons near the metal surface at approximately 10-
100 nm of depth [131, 134]. The relatively large photon wave-
length allows for easy reflection off the closely packed mate-
rial surface; whereas, electrons have a wavelength orders of
magnitude less than atomic radii and interatomic spacing. This
allows for greater electron penetration and transmission of
incident energy into the workpiece surface. Electron beams
are reported to interact approximately 10-100 pum below the
metal surface or 1000 times deeper than photons [131].
Fundamentally, this represents the difference between photon
(LBW) and electron (EBW) interaction and is provided as
background for LB and EB process comparison.

1.2.1 Conduction mode

Conduction mode welding causes intense heating of the ma-
terial surface and conductive heat transfer (thermal diffusion)
into the underlying material. The conductive heat losses and
surface tension driven fluid flows determine the size and
shape of the weld pool, and a steady-state condition is reached
when the heat input from the beam is balanced by heat con-
duction into the base metal [135]. An advantage of conduction
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mode welding is the higher probability of producing welds
free of defects by eliminating the instabilities associated with
keyhole formation. During laser welding, the conduction
mode limits weld penetration due to low laser coupling effi-
ciencies caused by surface reflectivity and reduced melting
efficiency. Pulsed laser welding is normally done in the con-
duction mode to better control penetration and limit heat input
and is widely used for components such as medical devices
[136] or electronics and hermetically sealed closure welds
[105, 106]. Another important application of conduction
mode welding is in laser powder bed fusion (LPBF). In addi-
tive manufacturing using powders, it is necessary to minimize
vaporization and reduce potential defects that easily arise in
deep penetration welding.

1.2.2 Keyhole mode

Keyhole mode, also known as deep penctration welding,
requires concomitant melting and vaporization. Benefits
include deep penetration, low heat input, and narrow heat
affected zones. Formation of the keyhole requires rapid
vaporization that imparts a recoil force that then depresses
the molten weld pool to form a vapor capillary [137, 138].
The beam energy intensity is such that conduction, convec-
tion, and radiation are not adequate at removing heat be-
neath the incident beam. The keyhole is governed by com-
plex physical interactions and remains an active area of
research. An issue with fully understanding keyhole
welding is caused by the extremely transient behavior
[139, 140] and keyhole instabilities. Keyhole formation
substantially increases the absorption of laser light by the
vapor cavity “trapping” the incident beam and absorption
by the generated vapor phase, which will also conduct heat
back into the liquid [141]. When pulsed LBW is performed
in the keyhole mode, the formation and stability of the key-
hole is critical. Jouvard et al. [142] and Fujinaga et al. [143]
reported that pulsed LBW involves a time delay between
irradiation and keyhole formation, and increasing the peak
power results in faster keyhole formation [106]. Instability
of the keyhole can lead to keyhole collapse that in turn

W 500 um
< ~
Conduction
% ~
Transition Keyhole

Fig. 20 Comparison of conduction, transition, and keyhole mode laser
weld profiles in 304 stainless steel
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Fig. 21 Comparison of power and beam diameter for conduction versus
keyhole mode welding [131]

promotes pore formation and root spiking defects.
Examples of these discontinuities/defects are shown in
Figs. 23 and 24 respectively. Other issues are entrainment
of atmospheric air or shielding gas leading to significant
gas porosity formation.

1.2.3 Physics of weld formation

The HED beam-material interaction is an extremely complex
process with subtle process changes resulting in significant
changes to resultant weld profiles. Figure 25 shows the numerous
interactions that can occur during keyhole LBW. It is difficult to
experimentally measure all the physical phenomena associated
with the process, and therefore, mathematical modeling is often
used to better understand the influences on process/material in-
teraction relationships. Prior to the energy incident into the weld,
there are physical interactions of the beam with the workpiece,
plasma, and particles within the plume. After the energy is
absorbed by the material, convective weld pool currents, heat
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conduction, vapor pressures, phase transformations, and metal-
lurgical changes all influence the resultant weld.

Laser energy is absorbed by the vapor through inverse
Bremsstrahlung effects when ionization produces a high den-
sity of free electrons but has a greater influence on a 10.6 um
wavelength as compared to 1 pum. The plasma absorption is
commonly described by the Beer-Lambert Law [145], and the
inverse Bremsstrahlung absorption is proportional to the
square of the wavelength [146]. Because ionization potentials
are believed to be minimal at a 1 wm wavelength [147, 148],
Mie or Rayleigh scattering are the two mechanisms with a
greater effect on beam attenuation. The scattering and attenu-
ation occur because of the formation of metallic particles. The
amount of Mie or Rayleigh scattering is dependent on the
beam wavelength and plume particle size [149, 150]. Fresnel
absorption [141, 145] is caused by variations in refractive
indices from vapor-to-liquid and is believed to be the mecha-
nism for energy absorption. The formation of the keyhole
substantially improves the coupling of beam energy by
allowing for numerous reflections off the keyhole wall to
eventually become absorbed via Fresnel absorption.

In reference to Fig. 25, similar mechanisms are in effect
with EBW when neglecting the differences between incident
electrons versus photons and only considering the energy
absorbed into the material. Under high vacuum conditions,
there is minimal interaction of the generated plume with the
incident electrons. Once the energy is absorbed into the work-
piece, the weld formation for both processes is dependent
upon fluid flow and vaporization.

Vaporization Vaporization is dependent on fluid flow, surface
temperature, and diffusivities of vaporized elements. A thin
layer exists at interfaces between liquids (or solids) with gases.
This layer is known as the Knudsen layer and is caused by the
evaporating particles having a reduced velocity a few (approx-
imately three) mean free paths away from the interface [151].
This velocity is inconsistent with the bulk vapor velocities
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Fig. 22 Laser beam conduction to keyhole mode transition for: 304L stainless steel (a) and aluminum (b) as defined by Assung@o and Williams [133]
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[141, 152] and reported by Knight [151] to consist of super-
sonic flow. The recoil pressure [153] imparted by the vapor
plume on the liquid surface maintains a compressive force
against the keyhole wall, and the vapor motion creates shear
stress on the liquid. This vapor interaction and induced shear
stress causes additional fluid flow. The recoil pressure is nec-
essary for keyhole formation and stabilization, and the back
pressure from the vapor plume must continue to exceed the
surface tension and hydrostatic forces attempting to close the
keyhole [153].

Fluid flow and vaporization A significant contribution to weld
formation is based upon fluid flows induced through chemical
composition and thermal gradients. These forces include
Marangoni (temperature-dependent surface tension), buoyan-
cy, and vapor pressure. However, the combination of these
forces and the relative magnitudes of each force dictates the
resultant weld shape. This is important in both conduction and
keyhole mode.

Fluid flow is largely dependent on the surface tension gra-
dient in conduction mode welding as shown by Heiple et al.
[154] and Kou et al. [155]. Cross-sections of laser spot welds
on stainless steels with two different sulfur contents are shown
in Fig. 26. Increasing sulfur to 140 ppm (0.014 %) shows a
significant increase in weld penetration caused by the down-
ward fluid flow along the weld centerline [156]. This mecha-
nism is believed to be dependent on surface active elements
causing an increase in surface tension at higher temperatures
as proposed by Heiple and Roper [157]. However, Heiple
et al. [154] showed no influence of Se, the surface active
element, when welding within keyhole mode via laser and
electron beam. Their assumption is that the surface active
element only influences keyhole formation based on the over-
all magnitude of surface tension and is not influenced by a
temperature dependency [154].

Root Porosity

Fig. 23 Keyhole laser weld showing pores trapped near the root caused
by keyhole instability [144]
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Melt flows during keyhole mode welding are increasingly
complicated as a result of the additional interaction of the
vapor capillary with the molten metal. Figure 27 shows a
schematic of the different flows as reported by Kaplan
[158]. These flows become increasingly complex when ana-
lyzing pulsed laser welding [140] or manipulation/deflection
of'the laser or electron beam. For the liquid to divert around or
below the keyhole, significant acceleration of the fluid is re-
quired and believed to be caused by the evaporative recoil
forces [153].

Katayama et al. [159] and Matsunawa et al. [140] analyzed
the formation of the keyhole and molten pool through in-situ
x-ray imaging in pulsed and continuous laser welding. These
results confirmed that the keyhole is extremely dynamic, and
evaporation is not uniform along the wall. By introducing
tungsten particles to the weld with real-time x-ray observation,
fluid flow patterns were reproduced as shown in Fig. 28 [140].
The particle speeds were reported to reach as high as 0.4 mm/s
along the front keyhole wall [140]. Analysis was also per-
formed by Fujinaga et al. [143] for pulsed Nd:YAG laser
beam welding showing the time delay from the laser pulse
and maximum keyhole penetration. Some of the latest x-ray
imaging analysis performed by Miyagi and Wang [160] re-
vealed inclination of the keyhole front wall from nearly 90° at
a 17 mm/s travel speed to 77° at a 167 mm/s travel speed.

In order to study fluid flow, Tenner et al. [161] and
Eriksson et al. [162] utilized high-speed cameras to video
the dynamics of the keyhole in real time. Analysis of the fluid
flow velocity of the front keyhole wall is shown in Fig. 29
[161]. It is reported that the increase in fluid flow velocity with
increased travel speed is based on changes to the recoil pres-
sure caused by the evaporation at the front of the keyhole wall
[161, 162] and the temperature-dependent changes in surface
tension [161].

The exact mechanism driving fluid flow is difficult to
quantify due to the transient nature of the process, but numer-
ous models attempt to account for fluid motion for reproduc-
ing weld geometries. These models typically incorporate the
Prandtl number or Prandtl mixing length hypothesis [153,
163-166] based on effective viscosity and effective thermal
conductivity [167] within the molten pool. It is reported by
Dowden [141] that the liquid is very turbulent as confirmed by
instability issues and x-ray imaging [140, 143, 159, 168];
while, the vapor capillary or gas maintains a laminar like flow
[141].

1.2.4 Weld modeling

The ultimate goal of modeling is to use representative rela-
tionships or mathematically compute physical phenomena to
predict weld geometries (or penetration) with reasonable ac-
curacy. Current limitations include accuracy of the predictive
model, computational times, availability of appropriate
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Fig. 24 Longitudinal weld section from keyhole mode LBW showing
root spiking [137]

physical material properties, and an inability to solve complex
mathematical solutions directly. There are numerous methods
reported in the literature to predict weld penetration or geom-
etry from input parameters and material properties. The wide
range of modeling approaches includes analytical, numerical,
and dimensionless predictions. These substantially vary in
complexity, computation time, output information, and accu-
racy. This review does not attempt to summarize or comment
on the many models that have been developed for HED pro-
cesses. For more detailed reviews of laser weld modeling, the
reader is referred Mackwood and Crafer [169], and
Svenungsson et al. [170]. Table 5 provides a limited, chrono-
logical synopsis of literature pertaining to EBW and LBW
modeling.

1.3 Overview of metallurgical considerations

Metallurgically, HED processes can produce small fusion
zones with rapid solidification rates, and narrow heat affected
zones with high thermal gradients. These conditions result in
significant differences in weld microstructural evolution com-
pared to high-energy input arc welds. The following sections
will summarize the metallurgical issues specific to EBW and
LBW.

Incident Beam

Attenuation:

Inverse Bremsstrahlung
Mie Scattering
Rayleigh Scattering

Heat Convection

Spatter Generation

Evaporation/
Condensation

Surface Tension
Driven Fluid Flow

Solidification/Melting

Solid-State 1

Transformations + Fresnel Absorption

I Porosity Formation
Recrystallization y

I Vaporization
Grain Growth 4// ~- Temperature
Heat Conduction /N Dependent

Material Properties

Fig. 25 Schematic showing physical and metallurgical process
considerations during keyhole LBW

1.3.1 Solidification behavior

Grain orientation and grain growth The fusion zone (FZ)
grain structure is initially determined by the heterogeneous
nucleation and epitaxial growth that occurs at the fusion
boundary. Subsequent growth within the fusion zone depends
on crystallographic effects and preferential dendrite tip tem-
peratures [184]. Conduction mode welds with elliptical pools
behave similar to arc welds at relatively low travel speeds.
Assuming a cubic crystal (such as body-centered cubic and
face-centered cubic), the preferential growth direction is along
the (100) cube edge direction, and competitive growth be-
tween the epitaxially nucleated dendrites will favor the den-
drite aligned with the heat flow direction and oriented normal
to the fusion boundary at the trailing edge of the fusion zone.
As depicted by Rappaz et al. [185, 186] in Fig. 30a, dendrites

growing normal to the interface (7 ) can grow at the slowest
velocity and require the lowest degree of undercooling. This
results in a gradual change in growth direction from the weld
toe towards the weld centerline with the grains slowly
conforming to the shape of the weld pool as growth pro-
gresses. However, in keyhole mode high aspect ratio welds,
these orientations are accentuated and can cause distinct mi-
crostructural changes with abrupt regions of growth directions
stifled by competitive growth from another orientation. A
schematic of these distinct orientations is shown in Fig. 30b.

Figure 31 shows the experimentally observed growth direc-
tions for an EB, keyhole mode weld on an Fe-15Ni -15Cr alloy
[186]. This change in growth direction is based on the geometry
of the weld pool and the angle of the solid-liquid interface and
continues until competitive growth favors a growth direction
within the <100> family oriented closer to the solid-liquid inter-
face. Likewise, David et al. [187] showed that EB and LB weld
pool geometries have a significant influence on growth directions
in single crystal nickel-base alloys.

In high aspect ratio welds, titanium alloys show prior beta
grain (PBG) solidification structures nearly parallel to the plate
surface based on transverse cross-sections, and Liu et al. [188]
reported that higher travel speeds showed increasingly columnar
grains in commercially pure Ti. Lu et. al [189] revealed that the
beta grain size slightly decreased (length and width) from the top
of the weld to the root. Results from Akman et al. [190] showed
an increase in prior beta grain size (PBGS) with increasing aver-
age power (constant peak power) for pulsed laser beam welding
(P-LBW). The average grain size was reported to increase by
approximately 250 um for each 100 W of increasing average
power [190]. Wei et al. modeled three-dimensional crystal
growth of keyhole mode laser welds on aluminum [191] and
copper [192]. The results of these simulations are shown in
Fig. 32 [192] and illustrate the difference in crystallographic
growth between two different travel speeds. At the slower travel
speed (Fig. 32a), it appears that columnar grain growth parallel to
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Fig.26 Change in laser spot weld
pool shape on 304 L stainless
steel at (a) 40 ppm sulfur and (b)
140 ppm sulfur [156]

the top surface is more dominant and decreases at higher travel
speeds (Fig. 32b).

Solid-state grain growth in the HAZ can be an issue for
controlling the grain size in the fusion zone, especially when
welding isotropic alloys or alloys solidifying as body centered
cubic with rapid solid-state growth such as in titanium alloys
[193]. However, systems such as austenitic stainless steel are
not susceptible to extensive HAZ grain growth especially
when welding on annealed or hot-rolled alloys as compared
to alloys that are heavily cold worked [107, 194]. Cam et al.
[195] showed minimal change in mechanical properties across
laser welded joints in austenitic stainless steel. Evidence of the
minimal grain growth in magnesium was shown by Coelho
et al. [196] who reported LB HAZ weld widths as low as
10 um and nearly comparable to the base material grain size.
Minimizing HAZ grain growth is performed by increasing
travel speed and/or reducing power. Riofrio et al. [197] and
Benyounis et al. [198] reported that travel speed (at constant
power) is the largest influence on the width of the HAZ.

Solidification rate, thermal gradient, and growth modes The
combination of the solidification rate (R) and the thermal gra-
dient (G) dictate the resultant solidification modes (planar,
cellular, dendritic), and the HED processes are capable of
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humping (D), rear flow (E), eddies (F), and root drop-out (G) [158]
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substantially increasing these values as compared to arc-
based processes. The product of the thermal gradient and the
solidification rate (GxR) determines the scale of the solidifi-
cation structure as measured by primary or secondary dendrite
arm spacing. The ratio of the thermal gradient to the solidifi-
cation rate (G/R) determines the mode of solidification [156,
164, 199]. The higher cooling rate achieved through EBW
substantially decreased the cell size as shown in Fig. 33
[200]. Similar results are shown in Fig. 34 for EB welds at
travel speeds of 6.5 mm/s (Fig. 34a) and 100 mm/s (Fig. 34b)
on the same stainless steel alloy [201]. These results show
how the increased solidification rate dramatically alters the
size of the solidification substructure from a coarse, cellular
dendritic to a fine, cellular morphology.

In addition to the thermal gradient and solidification rate,
the solidification temperature range (STR) will influence the
solidification behavior by promoting constitutional
supercooling as reported by David and Vitek [199]. This
was demonstrated with an EB weld where the solidification
mode shifted from columnar dendritic to equiaxed dendritic at
the centerline when the solidification temperature range was
intentionally expanded by alloying. The welds were on an Fe-
15Cr-15Ni single crystal doped with sulfur, which promoted
solute partitioning during solidification, reduced the solidus
temperature, and increased the solidification temperature
range. These results are shown in Fig. 35 [199]. Similarly, this
equiaxed structure was also shown for nickel-base alloys
along the weld centerline with solute partitioning and eutectic
formation [187].

Vitek et al. [202] analyzed the results of rapid solidification
on a Type 308 austenitic stainless steel and showed that CW
CO, LBW produced microstructures consisting of a fully aus-
tenitic structure at a travel speed at or above 25 mm/s; while, at
a 13 mm/s travel speed, the weld exhibited a range of micro-
structures from fully austenitic to an austenite plus ferrite (AF)
structure. It was reported that the cooling rates necessary to
promote the transition from primary ferrite to primary austen-
ite is in the range of 10°-10° K/s [202].

Much of the research for HED welding of stainless steels
stems from solidification cracking issues in alloys solidifying as
primary austenite. Primary ferrite formation during solidification
is advantageous in welding of stainless steels by reducing the
susceptibility to solidification cracking [194]. The predictive
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Laser beam

Keyhole
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Fig. 28 Position of tungsten particle in weld pool showing the elapsed
time in milliseconds from Matsunawa et al. [140]

stainless diagrams experimentally developed for arc welding pro-
cesses, such as the Schaeffler [203], DeLong [204], or WRC-
1992 [205] are not applicable when considering rapid solidifica-
tion. The high solidification rates in HED processes can favor a
transition from primary ferrite to primary austenite [206], and this
is believed to be based on the dendrite tip undercooling which
influences the stability of ferrite versus austenite [207, 208]. The
change in solidification mode along with restraint, grain orienta-
tion, and impurity levels can lead to increased cracking suscep-
tibility during HED welding. Lippold [209] reported crack for-
mation in a deep penetration EB weld in Type 304L as shown in
Fig. 36. This transition from primary ferrite to primary austenite
solidification resulted from the increased solidification rate at the
weld centerline.

Impurity elements, such as S, P, and B, further increase
solidification cracking susceptibility. The original Suutala di-
agram developed by Kujanpia et al. [210] showed the rela-
tionship between S and P content and chromium-nickel equiv-
alency (Cr/Ni Eq.) with regards to cracking susceptibility. A
dramatic increase in cracking susceptibility occurred when the
primary phase of solidification shifted from ferrite to austen-
ite. For HED welding, the transition in cracking susceptibility
is shifted to higher C1/Ni Eq. values due to the effect of higher
undercooling on solidification behavior. The modified Suutala
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Fig. 29 Flow velocity at the keyhole front for increasing laser powers
measured at three different travel speeds [161]

diagram shifted the critical Ct/Ni Eq. ratio for HED welds up
to approximately 1.65 [208] versus 1.48 [210] for arc welds.
Additional analysis of LBW on austenitic stainless steels was
performed by Lienert and Lippold [211] using the Hammar
and Svenson [212] equivalencies. Their results showed Type
A solidification occurring below 1.59 and mixed mode aus-
tenite and ferrite microstructures up to 1.69. Above Cr.y/Nigq
= 1.69, the microstructures exhibited primary ferrite solidifi-
cation, and no cracks were observed [211]. Hochanadel et al.
[213] showed the influence of solidification modes for pulsed
LB welds on a joint between 304 and 304L stainless steel.
Two different solidification modes were stabilized, and dilu-
tion resulted in primary austenite and solidification cracking.

Elmer et al. [201] analyzed the influence of solidification
modes for EBW of stainless steel alloys and produced a plot of
composition versus travel speed for the corresponding mode.
At travel speeds of approximately 75 mm/s, a “massive’ trans-
formation to austenite occurs following primary ferrite solid-
ification. Because the F/MA microstructure first solidifies as
ferrite, it is believed to be resistant to solidification cracking
[194, 208]. Lippold [208] extended the analysis of solidifica-
tion modes and microstructural formations based on the solid-
ification rates in P-LBW. Along with prior data, a microstruc-
tural map was developed for 300-series SS alloys as shown in
Fig. 37 [208].

Phase transformations (cooling rate effects) The high cooling
rates associated with HED processes can produce room tem-
perature FZ and HAZ structures that contain nonequilibrium
phases. Materials sensitive to cooling rate effects on phase
fractions can have issues that include higher susceptibility to
cracking and reduced mechanical properties and/or corrosion
resistance.

Carbon and low-alloy steels are especially susceptible to
martensite and/or bainite formation that can produce a steep
hardness gradient between the base material and weld zone.
These steep gradients can lead to stress concentrations and
crack formation [107] and are exacerbated with higher carbon
contents. Cam et al. [195] reported increases in hardness of
150 HV,; towards the weld centerline in a low carbon steel,
and Riofrio et al. [197] reported the ability to promote bainite
formation by increasing heat input to 80 J/mm relative to 20 J/
mm in LB welded high-strength low-alloy steel. The latter
heat input produced a mixture of bainite and martensite within
the FZ and maintained a comparable hardness as the base
material. Although, a wider range of softening was present
in the HAZ.

Cooling rates can significantly influence titanium alloys by
altering solid-state phase transformations from the elevated
temperature beta (3) phase to alpha (x), and alpha prime
(o¢’) phases during cooling. The alpha prime (x”) or martensite
transformation can occur at cooling rates from 100 and 10,000
°C/s [193] in alloys that form significant beta phase at elevated
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Table 5 Review of LB weld modeling
Researcher Description Year Process

Rosenthal [171, 172]

Moving point and moving line heat sources

1935 Arc processes

1946
Swift-Hook and Gick [173]  Analytical model based on a line heat source and dimensionless analysis 1973 EBW, LBW
Klemens [174] Cylindrical cavity of variable radius, radial heat flow, horizontal fluid flow 1976 EBW, LBW

Mazumder and Steen [175]

Miyazaki and Giedt [176] Elliptical shaped cylinder in infinite plate

Gaussian heat source, 3D heat flow using FDM, reports dimensionless groups, no fluid flow 1980 LBW

1982 EBW

Goldak [177] FEM analysis of double ellipsoid heat source 1984 EBW, LBW
Dowden [166] Assumes cylindrical keyhole with varied radius, axial fluid flow perpendicular to keyhole 1985 LBW
Kaplan [145] Predicts keyhole wall geometry based on point-by-point energy balance, applicable 1994 LBW

to high welding speeds, neglects fluid flow
Analyzed radiation absorption, vapor, and weld pool; used vertical and horizontal laminar flows 1996 LBW

Sudnik et al. [178]

Matsunawa and Semak [179] Simulated the front keyhole wall based on one dimensional melt motion 1997 LBW
Kietal. [180] Level set (LS) method for vapor-liquid interface tracking 2002 LBW
Raietal. [164, 165, 181] Uses energy balance at keyhole wall and 3D heat transfer fluid flow 2006 EBW, LBW
2007
2009
Amara et al. [182] Analysis of melt pool dynamics using the volume of fluid (VOF) method for interface tracking 2008 LBW
Hann et al. [183] Used normalized enthalpy relationships for predicting weld penetration 2011 LBW
Jiang et al. [146] 3D heat transfer and fluid flow model [178] with analysis at reduced ambient pressure 2020 LBW

based on boiling point variations

temperature. As in steels, the issue with the &’ transformation
is a reduction in toughness and ductility. Liu et al. [188] ana-
lyzed commercially pure titanium and reported the ability to
produce a massive transformation to alpha at high cooling
rates with retained prior beta grain boundaries showing rem-
nants of the solidification structure. Whereas, lower cooling
rates allowed for long range diffusion and nucleated more
alpha [188]. For Ti-6Al-4V, Kumar and Sinha [214] also re-
ported a massive alpha transformation with retained beta
phase only observable with transmission electron microscopy.
High cooling rates during HED welding of alpha-beta titani-
um alloys promotes a transformation to o’ martensite [215,

216]. Lu et. al [189] analyzed EB weld microstructures on low
impurity Ti-6Al-4V and reported a fusion zone microstructure
consisting of large prior beta grains entirely transformed to «’.
Likewise, Casalino et al. [217] analyzed the laser welding of
Ti-6Al1-4V and reported a complete transformation to o¢” with
coarse prior beta grains. These welds were performed at
1200 W and travel speeds ranging from 1000 to 2500 mm/
min (16.7-41.7 mm/s).

The ability to maintain optimum ferrite/austenite ratios is a
concern when HED welding of duplex stainless steels (DSS)
with Cr/Ni equivalency ratios greater than 2.25. The extreme
cooling rates promote higher than desirable fractions of ferrite

Fig. 30 Illustration of crystal growth in an elliptical weld pool geometry (a) [186]. Illustration of keyhole weld pool showing potential preferential

growth directions (b) [185]
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Fig. 31 EB weld at 4.2 mm/s on an Fe-15Cr-15Ni single crystal alloy
showing columnar dendritic growth in different orientations from Rappaz
etal. [156, 185]

due to insufficient time for diffusion-controlled austenite
transformation [218-221]. LBW studies of DSS reported that
faster travel speeds (lower heat input and higher cooling rates)
led to higher fractions of ferrite [222] with ideal austenite/
ferrite ratios occurring at cooling rates well below 100 K/s,
as shown in Fig. 38 [221].

The rapid cooling occurring when welding duplex stainless
steels can also lead to a saturation of nitrogen [220] in both the
FZ and HAZ. This nitrogen readily forms Cr,N precipitates
and can significantly influence corrosion properties [194, 218,
223]. It is generally not recommended to weld DSS with an
HED process [218]; however, research has attempted to utilize
alternative methods such as preheating [224] or postweld heat
treating using a defocused laser immediately following laser
welding [223]. For successful HED welds in duplex stainless
steels, it is necessary to reduce the cooling rate to promote
austenite formation and reduce nitride precipitation.

Vaporization effects The nature of a high intensity beam and
keyhole formation results in vaporization during HED

Fig. 32 3D model of
crystallographic growth for laser
welds on a Cu alloy at 16.7 mm/s
(a) and 133 mm/s [192]

welding, and welding under high vacuum with volatile ele-
ments significantly increases vaporization rates. Preferential
vaporization can result in a loss of alloying elements from
the weld pool and is reported to be a significant problem in
alloys containing elements with low partial vapor pressures
[225]. Pastor et al. [226] showed a reduction in weld metal
Mg as high as 1.3 wt% for conduction mode laser welds on
Al-Mg alloys. However, when welding in the keyhole mode,
the Mg reduction was significantly reduced [226]. Khan et al.
[227] showed a reduction in Mn content in high manganese
austenitic stainless steels with the amount of loss reported to
be dominated by the weld pool size. Similarly, Berger [228]
showed the reduction in Mn content in 304L stainless steel
under numerous weld passes. The loss of alloying elements
can affect the weld microstructure which may influence
weldability, mechanical properties, and corrosion resistance.
For example, EBW of duplex stainless steels in high vacuum
environments accelerates weld metal nitrogen loss and re-
duces the ability to stabilize austenite, resulting in highly fer-
ritic weld deposits.

2 Electron beam welding
2.1 Fundamental principles of electron beam welding

This section describes the essential elements of an electron
beam welding (EBW) machine. This includes how the beam
is generated and controlled, and the peripheral equipment re-
quired to perform welds in a reduced pressure (vacuum)
environment.

2.1.1 Essential parts of the machine
All EBW systems can be divided into three main parts: the

cathode, the anode, and the lenses, as shown in Fig. 39
[230-236].
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Fig. 33 Reduced cell size within an EB weld (top) cooled at 1.5 x 10° °C/
s and a substrate cooled at 2 x 10% °C/s (bottom) [200]

Beam production The electron beam is produced by an emitter
or filament. Generally, the filament is tungsten since this ele-
ment has a high atomic number which supplies the needed
electrons. Filaments are supplied in different shapes and sizes.
Two types of emitters that are commonly used are “hairpin”
and “ribbon” filaments, as shown in Fig. 40 [238-240]. Since
hairpin filaments possess a smaller cross section and can be
shaped to a point, they will produce a smaller, more precise,
beam that can be used for micro-machining and micro-joining
[241]. Ribbon filaments are much more durable and provide
longer filament life, so they are more commonly used if beam
size is not an issue. The filament is electrically heated (Joule
heating) until a stream of electrons are produced by thermionic
emission. The beam produced will be an “image” of the fila-
ment. In other words, if a square filament is used, the beam
cross section will approximate a square shape, with electron
“hot spots” in the corners where heat cannot be conducted
away. Additional discussion is provided in Section 2.2.2 and
depicted in Fig. 43.

There are two basic designs for EBW machines as differ-
entiated by having either a diode gun or a triode gun. In the
diode design, there is simply a cathode (filament) to produce
the beam and an anode to accelerate it. The beam current is a
function of the high voltage differential applied, where the
voltage differential effectively draws the electrons off the

Fig. 34 Primary austenite
solidification showing dendritic
solidification at 6.5 mm/s travel
speed (a) and cellular solidifica-
tion ata 100 mm/s travel speed (b)
[201]
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filament tip. With this arrangement the current cannot be
changed independently of the voltage. In the triode design,
there is a “bias cup.” The bias cup applies a separate potential
difference, known as a bias. Variation in the bias will result in
different currents, regardless of the voltage differential be-
tween the emitter and the anode [89, 230-234]. Most modern
EBW machines use triode guns in order to independently
adjust the beam current and beam voltage.

Acceleration As described previously, the beam is accelerated
using an anode with a high voltage differential. The anode is
hollow (annular), allowing the electrons to pass completely
through at rates from 50% [230] to 70% [89] of the speed of
light. These extreme speeds allow for a high momentum of the
beam of electrons into the workpiece, which in turn results in
extreme heating and, in most cases, vaporization of the metal
at the surface. Temperatures are reported to reach up to
25,000°C [230]. Upon exiting the hollow anode, space charge
effects will result in the dispersion of the beam. This occurs
because the negatively charged electrons repel each other,
producing a larger beam diameter that results in a beam with
lower power density than needed for welding. In order to
correct this, the beam must be focused.

Focusing and deflection lenses The beam passes through
magnetic lenses, and the two main types are focusing and
deflection lenses. The focusing lens will constrict the diverg-
ing beam so that it will pass through “sharp focus,” where the
beam reaches a minimum size. Welding conditions can call
for a sharp focused beam, or one that is not as constricted,
known as “defocused.” The change in beam diameter, or “spot
size,” will change the power density.

The deflection lens controls the spatial location of the
beam. Manipulations in the deflection current will allow for
movement of the beam, including deflecting it into complex
patterns. The deflection of the beam can be controlled at very
high frequencies, so much so that the workpiece will “see” the
pattern as one continuous beam. For example, the beam can be
deflected in a circular motion, and at high frequencies the
beam will act not as a deflected point but as a larger circular
beam. This can be manipulated to produce the effect of
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Fig. 35 EB weld (plan view) on a
single crystal Fe-15Cr-15Ni al-
loy: a) pure, b) sulfur bearing
[199]

multiple beams on the workpiece and to control the micro-
structure and geometry of the weld [242].

2.1.2 Other parts of the machine

Chamber Every electron beam welding machine must have a
workspace of some dimensions where the beam interacts with
the workpiece. Non-vacuum EBW machines do not require an
enclosure for the beam, but an X-ray shield is still required.
Vacuum chambers are required for medium and high-vacuum

Fig. 36 Weld solidification crack along EB weld centerline in Type 304L
SS [209]
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EBW machines. These chambers are usually large cylinders or
rectangles that can support the pressure loads created by the
internal vacuum required for operation. Many of these cham-
bers incorporate a CNC controller so that the electron beam
can remain stationary while the workpiece moves in order to
be welded. However, some mobile electron gun systems have
been developed. Chamber size dictates the size of components
that can be welded. Chambers can be quite large, 20 m? (~700
ft*) or more, but larger chambers are more expensive, require
more vacuum pumps and/or longer pump down times.
Therefore, it is most cost-effective to have chamber size
matched to the size of parts to be welded. [89]

Vacuum pumps Depending on the level of vacuum required
and the size of the chamber, the number and type of pumps
required for the system will vary. Most EBW machines have
at least two pumping systems that consist of two pumps each
[89]. There are two vacuum systems since it is most efficient
to have one system for the gun column and another for the
chamber. If a high vacuum is not maintained in the gun col-
umn, the machine can “arc out,” resulting in no beam and
potential damage to the filament or other equipment [243].
Vacuum pumps are either capture pumps or transfer
pumps. Capture pumps “capture” the gas molecules. This
can be permanent or temporary. Sorption and sublimation
pumps fall in this category. Transfer pumps move the gas
molecule via compression from the low-pressure area to a
higher-pressure area. Rotary, mechanical booster, turbo-mo-
lecular, and diffusion pumps fall in this category. Rotary
pumps function using rotating vanes or pistons which draw
air in, compress it, and exhaust it out of the chamber.
Mechanical boosters use “figure 8” rotors which perform the
same function. Sorption pumps make use of a porous material
which can absorb gas molecules at very low temperatures.
Turbo-molecular pumps utilize several alternating sets of ro-
tors and stators that have inclined blades which act in the same
manner as a jet engine. These pumps are very expensive.
Diffusion pumps use oil vapor to push the air molecules from
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Fig. 37 Microstructural map for pulsed laser welded austenitic stainless
steels [208]

the chamber port to an outlet, which takes some time, power,
and maintenance due to heating of the oil. Sublimation pumps
use an active cathode generally made of titanium which reacts
with gas molecules once bombarded with high velocity ions.
A chart showing the level of vacuum generated by each pump
type is provided in Fig. 41 [235]. It should be noted that cryo-
pumps were historically used to reduce pump-down times.
Cryo-pumps utilize low temperatures so that when the gas
molecules or residual air moisture interacts with a cold sur-
face, the molecules are removed from the residual air [244,
245]. However, these pumps are becoming obsolete as newer
machines utilize the previous pumps listed.

More pumps can be added to decrease pumping times or
increase vacuum quality. Slow venting is preferred to prevent
a rapid pressure differential which can cause equipment wear.
Non-reactive or inert gas backfill is also an option to reduce
chances of oxidation [89].

Leaks can be real or virtual. A real leak is due to a mal-
function in the vacuum equipment or the chamber and must be
fixed by maintenance. Virtual leaks are the result of gas
trapped in a piece of equipment that is in the chamber. As
the chamber pumps down, the gas escapes the part in the
chamber. This appears as though a leak is present since the
target vacuum level cannot be attained [246].

For a given chamber size, the type of vacuum system will
dictate how quickly the chamber can be pumped down and
what vacuum level can be achieved. The vacuum level
achieved will affect both the weld quality and penetration
characteristics. In general, extremely high vacuums provide
the best quality and penetration, but there is an economic
penalty since the pump down time may be quite long. Also,
as the pumping efficiency increases (faster pump down times),
the cost of the vacuum system generally increases.

Voltage supply An EBW machine is typically classified by its
maximum voltage output. A voltage supply that is capable of
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60 kV or less is classified as a low-voltage electron beam
welder (LV-EBW), and one that is capable of greater than
60 kV is known as a high-voltage electron beam Welder
(HV-EBW) [89]. A typical range of voltages for HV-EBW
is 80—150kV, but voltages of 200 kV have been reported. If
operating in non-vacuum conditions, a HV-EBW machine is
required. For either machine, powers up to 30 kW are attain-
able. Differences can be seen in Table 6.

HV-EBW is more practical for producing high aspect ratio,
deep penetration welds since it can generate a smaller spot size
and higher energy electrons capable of deeper workpiece pene-
tration. This is due to the higher acceleration velocity of the
electrons, resulting in higher kinetic energy. However, smaller,
cheaper machines are typically low voltage. Since the supply
does not need to produce as much voltage, the X-ray shielding
can be reduced since there is less radiation, and the electron beam
gun generator can be smaller and more maneuverable.

2.1.3 Beam characteristics

Electron beam welding is dependent on the size and shape of
the beam. The beam is generally circular with continuous
power, although efforts have been made to perform pulsed-
power electron beam welds [244, 247-249].

Beam diameter The electrons in the beam interact with each
other to produce beams of different shapes and sizes. Since
electrons are negatively charged particles, they will repel each
other in all directions. The force by which they repel is depen-
dent on current, or the rate of electron flow, and voltage, or the
energy per electron. As the number of electrons at a given
point increases, there will be a “space charge effect” resulting
in an increase in repellent forces, resulting in a larger beam.
Conversely, if the energy per electron is high, generally due to
an increase in voltage, the time-of-flight from filament to
workpiece will be low, and there will be a slight reduction in
beam diameter [250-252]. The beam current has a greater
effect than the voltage on beam diameter at sharp focus, and
this effect is linear [89], as can be seen in Fig. 42.

The beam must be constricted by the focusing lenses to
produce a sharp focus, and current to these lenses must be
controlled to constrict the beam. This has a strong dependence
on voltage since it requires more focusing current to constrict
a higher energy beam. It has been observed that there is a
linear relationship between focusing current and voltage at a
given distance. Beam current has negligible effects on focus-
ing current. In general, longer working distances result in
larger beam diameters since there is more time for electron
repulsion. [250, 254, 255]

Beam distribution Electron beams are ideally a Gaussian dis-
tribution [176, 250, 254, 256]. As the beam is constricted
through sharp focus and begins to broaden again, the
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Fig. 38 Austenite phase fraction versus cooling rate for a duplex stainless
steel [221]

repulsion forces are uniform in all directions and the power
distribution will appear Gaussian. However, before it passes
through sharp focus, the beam will not be completely
Gaussian. As previously stated, the beam will appear as an
image of the filament. Therefore, some “hot spots” will be
present where more thermionic emission occurred from the
filament due to imperfections and heat conduction differences
in the geometry. In this under focused condition, the beam
distribution is less predictable than in a sharp or overfocused
condition. A representation of this is shown in Fig. 43.

The distribution can be changed to something non-Gaussian
by either using a custom filament or by precise control of mag-
netic fields [257]. Often, these methods are not practical, so de-
flection can be used. Although this will not change the distribu-
tion of the beam, a high frequency can be used, resulting in what
appears to be a different beam distribution, which has been con-
firmed using diagnostic devices [258].

2.2 EBW penetration characteristics

EBW is often selected because of its ability to achieve deep
penetration in a single pass. Welds that require multiple passes
and addition of filler metal using arc welding processes can be
made in a single pass with EBW. In order to achieve such deep
penetration, welding must be done in the “keyhole mode”
where vaporization of the workpiece and acceleration of the
electron beam produces a cylindrical “hole” around which
melting occurs. If no keyhole is produced, melting occurs in
the conduction mode with resultant welds being much
shallower. Electron beam welds made in the conduction mode
may resemble those made using gas tungsten arc welding
(GTAW). Weld penetration and the depth-to-width ratio of
the weld is related to process parameters [174], composition
of the material to be welded [201, 259, 260], and the number

of passes [255]. The following sections review the effect of
process parameters on penetration characteristics of single
pass keyhole mode welds.

2.2.1 Keyhole formation and effects

Considerable research has been performed to understand the
formation of a keyhole in electron beam welding [255,
261-266]. At high accelerating voltages, the electrons collide
with the workpiece with high momentum. This creates ex-
treme localized heating in the form of kinetic energy transfer.
The metal heats rapidly until vaporization occurs. This is
when the keyhole forms. The keyhole will either reach a
steady-state depth (partial penetration) or melt and/or vaporize
completely through the workpiece (full penetration). This is
dependent on the thickness of the material, the beam diameter,
the power, and the travel speed. A schematic of the process of
a full penetration weld is shown in Fig. 44.

In partial penetration welds, the keyhole is very transient. It
can oscillate and result in defects such as spiking, humping,
and root porosity [265, 267-269]. Figure 45 illustrates the
fluctuations of the keyhole in the partial penetration mode.

The keyhole is kept open by several forces. These forces
are quite complex and are affected by the following phenom-
ena: evaporated metal atoms, vapor pressure, friction, surface
tension, electromagnetic force, thermocapillary force, electron
pressure, and hydrostatic pressure [232]. The interaction of
these forces is displayed in Fig. 46. For more information on
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Fig. 40 Hairpin filament (a) and ribbon filament (b) [237]

keyhole formation, the reader is referred to Sections 1.2.2 and
1.2.3.

2.2.2 Effect of EBW parameters

Power Power is the product of voltage and current (P =V x I).
Since voltage and current can be changed independently, similar
powers can result in different weld characteristics. Low voltages
and high currents result in low penetrating properties of the beam
as well as a larger beam. This causes the weld geometry to be
wide and shallow. Conversely, high voltages with lower currents
produce finer, high-energy beams, resulting in weld pools that
are much deeper and narrower [239].

The depth of penetration in electron beam welds increases
linearly with increasing power [164, 270-276]. It can be seen
in Fig. 47 that multiple experiments [144, 164, 271, 272]
yielded similar results for electron beam welds of varying
power in 304 stainless steel. It should be noted that all of these
welds are at similar travel speeds, but beam diameter varies.
The results from the authors of this review utilized a beam
diameter of approximately 500 um. Rai’s [164] work varied
the working distance, and therefore, the beam diameter from
approximately 250-500 microns. Burgardt [271] and Giedt
[272] do not provide beam diameters. It is interesting to note,
however, that despite the difference in beam diameter the re-
sults in Fig. 47 fall within a distinct “band.”

Beam diameter The diameter of the electron beam is impor-
tant since it contributes to the power density and therefore the
heat input. Smaller beams allow the workpiece to experience a
higher local power density, which results in a deeper and
narrower weld. This can be seen in Fig. 47 for Rai’s [-
164] work. With larger beam diameters, the welds did not
penetrate as deeply. The lower penetrations in Fig. 47 are from
slightly faster welds with larger beam diameters. It can be
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inferred from the figure that the beams used by Giedt
[272] and Burgardt [271] likely had diameters of approximate-
ly 300 um. Investigations into heat input also illustrated a
linear relationship to penetration depth [277, 278].

Travel speed The electron beam interacts with a given point of
the workpiece for a given time. This is dependent on the travel
speed. Slower speeds result in more interaction and therefore
deeper welds. This also widens the weld pool, resulting in a
larger weld width on the surface. The relationship of penetra-
tion to travel speed at a fixed accelerating voltage is a recip-
rocal function as shown in Fig. 48 [279, 280, 281].

Focus At sharp focus, the beam is at the smallest diameter
and therefore has the highest power density. However,
slight underfocus will cause the focal point to be slightly
into the workpiece (below the surface). Once vaporization
of the metal occurs, the beam will appear to be at sharp
focus below the top of the workpiece, and the deepest pen-
etration can occur. Excessive underfocus will result in a
lower power density, resulting in a decrease in penetration
and an increase in weld width. Likewise, overfocusing the
beam (above the surface of the workpiece) will produce a
similar trend [250, 282].

Electron beam welds made at sharp focus will mainly pro-
duce keyhole mode welds. The exception to this is at very low
powers or very high travel speeds. In general, conduction
mode welding requires the beam to be defocused in order to
reduce the power density [268]. For most commercial appli-
cations, a keyhole mode is desirable since this maximizes
penetration and produces a stable weld. Conduction mode
welding is used where only surface melting is desirable, such
as for “cosmetic” passes after the initial, deep penetration weld
is made. The purpose of a cosmetic pass is to smooth out the
surface on the previous, deep penetration weld. This removes
issues with high weld crowns or undercut and provides a weld
surface free of sharp, geometric transitions and improves sur-
face aesthetics. The conduction mode is also used when ap-
plying electron beam for additive manufacturing applications.

Deflection Beam deflection can be used to control the weld
profile, microstructure, power distribution, and to accommo-
date the joint gap [242]. Different patterns will correspond to
different weld properties. Common deflection patterns used
are circular/sinusoidal, linear (perpendicular and parallel to
the joint), or “figure 8”/“infinity.” Deflecting the beam will
result in different weld geometries, which can be seen in
Fig. 49.

It has been observed that large deflection amplitudes and
frequencies will decrease weld penetration [284-286].
However, beam deflection allows for better process control
and ability to accommodate some welding concerns, including
large joint gaps or to control (reduce) weld cooling rate.
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2.2.3 Defects

Common electron beam welding defects include solidification
cracking, porosity, undercut, spiking, and missed joints [269].
Electron beam welds are susceptible to solidification cracking
due to the high stresses experienced from fast cooling rates
and high aspect (depth/width) ratios. In particular, materials
that solidify as a face centered cubic (fcc) phase (aluminum-
base and nickel-base alloys, and some stainless steels) tend to
be susceptible to solidification cracking. This normally occurs
at the weld centerline. Some austenitic stainless steels can
experience EBW solidification cracking due to the shift in
solidification mode to austenite (fcc) at high solidification
rates [201, 287]. To avoid solidification cracking in suscepti-
ble materials, if possible, it is advised to reduce travel speed,
power, and allow for a preheat or controlled cooling rate,
which can be done by beam deflection. The use of filler metal
or shims can effectively control the microstructure and reduce
solidification cracking through compositional changes.

Porosity can be an issue because of a keyhole instability or gas
formation [288]. If a keyhole is unstable, it will collapse, forming
a pore (or void) in the solidifying weld pool, ejecting spatter
[287, 289], and leaving a concavity, as shown in Fig. 50.

Parameter optimization is necessary to avoid keyhole in-
stability. Since the instability leading to porosity is often pe-
riodic, changing travel speed and power can mitigate the pe-
riodicity and alter (or eliminate) the frequency of pore forma-
tion [291]. Porosity can also be due to nucleation and growth
of dissolved gases. These include hydrogen, oxygen and ni-
trogen. If a joint is not properly cleaned, it can leave contam-
inants (such as oxides) that, when welded, will form a gas pore
in the fusion zone. To avoid this, the joint must be cleaned,
and it is suggested to use a cleaning agent that does not leave a
residue. Also, beam oscillation is a potential solution since it
disrupts the nucleation and growth of the pores. It has been
shown that porosity can be reduced or eliminated with a de-
flection pattern, but it is dependent on the frequency and am-
plitude of the deflection [284, 292-296].

Undercut can occur on the surface of electron beam welds,
resulting in large stress concentrations. Kubo et al. [268] have
investigated the effect of process parameters on weld appearance.
It appears that as the power increases and focus is closer to sharp,
both the underbead width and overbead height increases.

A missed joint is common for EBW since the pieces to be
welded typically have little to no gap and the beam must be
precisely located on the joint. Since the beam is quite narrow,
the beam must be essentially parallel to the joint to avoid
creating an incomplete fusion defect. This can be a serious
issue since the weld surface may appear normal but the joint
below the surface is not fully fused. Another problem can
occur when the material being welded or the fixturing that
holds it is magnetic, resulting in the beam being deflected or
repelled away from the joint. To correct this, all equipment in

the electron beam chamber should be demagnetized, and the
joint must be carefully aligned. Another method for avoiding
missed joints is to broaden the beam by means of defocus or
deflection so that it is able to fuse the whole joint. This may
not be possible in cases where penetration depth is a concern.

2.3 Vacuum effects

Most EBW is conducted under high vacuum since penetration
and performance of the electron beam is optimized under
“hard vacuum” conditions. Partial vacuum or non-vacuum
EBW has been reported [244, 297, 298]. The advantage of
partial vacuum EBW is usually related to economics where
the amount of time required to pump down a large chamber is
reduced. There are also situations where EBW is desirable for
very large components where the use of a vacuum chamber is
impractical. This section will discuss the role a vacuum plays
relative to the beam and penetration characteristics.

2.3.1 Dispersion of beam

A high vacuum environment is generally used in EBW in order
to minimize the interaction of the electron beam with the mole-
cules that make up the atmosphere. This results in a smaller, more
intense electron beam where the electrons are not scattered by
particles in the atmosphere. High-vacuum practices are most
common, with vacuum levels in the range from 107 to 10 torr
(1.3 x 102 to 1.3 x 10" Pa). Medium-vacuum is classified as
pressures in the range from 10 to 25 torr (1.3 x 10 to 3.3 x 10?
Pa), and non-vacuum as atmospheric pressure [299]. When using
lower vacuum levels, the beam will begin to interact with atmo-
spheric particles, causing the beam to spread and appear to be
defocused. This can be seen in Fig. 51 which shows that when a
better vacuum is maintained, the beam diameter can be reduced.
The further the beam must travel in partial vacuum, the more
particles it will interact with resulting in beam broadening. It
should be noted that although the beam appears to become more
diffuse from 500 to 250 torr, the number of electrons that can be
seen is still higher, which is represented by a lighter color. The
conditions shown in Fig. 51 represent the condition of medium-
vacuum (5 torr) to non-vacuum (760 torr).

2.3.2 Effect on penetration characteristics

As stated earlier, the beam will appear as defocused as the
quality of the vacuum decreases. This can be seen in Fig.
52, where the normalized penetration decreases at higher pres-
sures (lower vacuum). Welds made under these conditions
were characterized by percent penetration, where 100% is
equivalent to a full penetration weld. It can be seen that the
lower vacuum level decreases penetration, which is due to a
lack of power density as the beam increases in diameter. A
steep drop is noted around 1 torr (133 Pa) since there is a large
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increase in atmospheric molecule interaction. Figure 52 also
shows a larger variation in penetration with higher pressures.
This is due to the variation of particle interaction as more
molecules are present. Fewer interactions result in a more
predictable beam diameter and power density.

Furthermore, as the vacuum level increases, the vaporized
material escapes more readily, reducing the beam interaction
with particles from the workpiece. As pressure increases, it is
more likely that the metal vapor will form a particulate
“cloud” above the weld, inhibiting the beam from reaching
the material. The material agglomeration effects require more
research; although, EBW non-vacuum could show plasma
properties similar to a plume in laser welding [238].

Burgardt [300] has investigated the narrow field in the high
vacuum section of Fig. 52. It appears that beam spot size and
focal distance change with pressure in the range from 10 and
10 torr. With a better vacuum, the spot size actually increases.
The change of spot size due to vacuum effects is also dependent
on voltage. At lower voltages, the change in spot size is more
dramatic. This is not thought to be a scattering effect, but instead
a space charge effect. It is postulated that towards the higher end
of the range analyzed, there are more particles to interact with the
beam, and these particles will interfere with the repulsion of the
electrons from each other [301]. Some other potential effects
could be aberrations in electron optics and filament effects due
to thermal spreading, but these are not thought to be significant in
relation to changes in pressure.

Table 6 Comparison of advantages between LV-EBW and HV-EBW
[89]. A “plus” indicates better properties relative to the other process, and
a “minus” indicates reduced properties

Low voltage EBW High voltage EBW
Spot Size - +
Aspect Ratio - +
X-rays, Shielding + -
Electron beam gun + -
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3 Laser beam welding
3.1 Fundamental principles of laser beam welding

Light amplification by stimulated emission of radiation
(LASER) is the process of creating light with photons of the
same phase and wavelength. Lasers are an energy conversion
device that transform energy from electrical, optical, thermal,
or chemical sources into a specific frequency of light within
the electromagnetic spectrum [105]. Laser light is generated
by exciting atoms or molecules that produce a very narrow
band of electromagnetic frequencies (ideally monochromatic)
with an in-phase electric field (coherent). Fundamentally,
there are three components for laser generation:

1) Active/gain/lasing medium
2) Pumping source
3) Optical cavity/resonator

The active medium is where stimulated emission occurs,
and the amplification of laser light is possible. When the
atoms in the active medium are energized, the energy states
of the outer electrons increase. A natural reduction in the
electron energies causes an emission of a photon uncharac-
teristic of other photons produced in the medium. This is
known as spontaneous emission. However, stimulated
emission is when atoms or molecules have excess energy
(i.e., electrons are in an elevated energy state), and an in-
coming photon causes emission of a photon that matches
the phase, frequency, direction, and polarization of the in-
cident photon [105, 106, 302].

By energizing or “pumping” the lasing medium via a light
source or electrical potential, a condition arises where the
atoms or molecules of the lasing medium are maintained at
the higher energy state. This is known as the pumping source
and can consist of light, electrical, chemical, or nuclear ener-
gy. For welding, most lasers are pumped via electrical or light
energy. Light energy is generally produced with flash lamps
or laser diodes. There are advantages of different pumping
sources, such as diodes, to improve the useable lifetime and
optimize absorption of pump light frequencies to improve
pumping efficiency [106].

To further increase the laser output, the optical cavity re-
flects (resonates) laser light through the active medium to
continue the stimulated emission process. The optical cavity
allows for amplifying the laser light based on a positive feed-
back mechanism. There are many variations of optical cavi-
ties, but the premise behind the operation is to continually
reflect photons using configurations of parallelly aligned mir-
rors or Bragg gratings in fiber optics [303, 304]. Continued
reflection of the laser within the optical cavity will lead to a
threshold where the gains in light amplification surpass the
losses that simultaneously occur. This maintains a greater
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Fig. 42 Influence of accelerating voltage and beam current on electron
beam spot size [253]

percentage of atoms in the excited state and is the “gain” of the
laser. The greater percentage of atoms in the excited state (net
gain >1) leads to what is known as population inversion [302].
Population inversion is created by the nearly instantaneous
process of spontaneous emission, stimulated emission, and
amplification [302].

High levels of laser energy can be focused to very small
diameters (< 20 wm) by eliminating chromatic aberration, which
is the inability to focus light composed of multiple wavelengths.
With a single wavelength, low beam divergence is achieved, and
therefore, power densities greater than 10° W/cm? can be pro-
duced for welding and cutting applications [106].

The following sections will compare laser and optic con-
figurations currently used in welding applications. In addition,
this section will review the physical phenomenon of laser/
material interactions and how process variables and beam in-
teractions influence weld geometry and penetration
characteristics.

3.1.1 Types of lasers

Lasers are commonly referred to by the phase of the active
medium. For the purposes of welding, this includes only high-
power gas and “solid-state” lasers. Common gas lasers are
carbon dioxide (CO,) and excimer lasers composed of dimers
(molecular complex consisting of two identical molecules
linked together) of inert gases. Solid-state lasers generally

Fig. 43 Power distribution for
different focus conditions of an
electron beam with red indicating
higher intensity [253]

Underfocused

refer to lasers that host the active ions within a crystal or glass
and are optically pumped [326]. This includes rod lasers with
a host material of glass or crystal doped with rare earth ele-
ments, such as a neodymium doped glass (Nd:glass) or a neo-
dymium doped yttrium aluminum garnet (Nd:YAG).
However, fiber and disk lasers also consist of a solid phase
active medium doped with ions capable of stimulated emis-
sion, and diode lasers utilize doped semi-conductor electron-
hole pairs to produce photons and stimulated emission.

Common lasers used in welding applications and their
characteristics are summarized in Table 7 which compares
the wavelengths, average power ranges, beam qualities, and
“wall-plug” efficiencies. In Table 7, beam quality is defined
by the M? value, and the reader is referred to Section 4.1 for an
explanation on beam quality. The wall-plug efficiency is de-
fined by the energy conversion ratio between the electrical
input and the energy output by the laser beam.

The most common lasers used for welding include:
CO,, Nd:YAG (rod), fiber, disk, and diode. This is not
meant to be an exhaustive list of lasers and excludes lasers
not normally used in welding applications such as other
dopants, host materials, and laser mediums. The various
forms of laser operation such as continuous, quasi-contin-
uous, or pulsed mode operation are lumped within the
ranges of Table 7.

Lasers can be operated with an average or constant out-
put power known as continuous wave (CW) operation or
with pulses of output defined by a peak power, pulse width,
and pulse repetition rate or frequency. The latter is known
as pulsed mode or pulse welding operation. A technique to
produce pulsed outputs is referred to as Q-switching, where
“Q” stands for quality and is a ratio of the energy stored in
the cavity to the energy lost per cycle [326]. This is the
ability to pulse the laser output via an optical shutter
[326] in frequencies between 0-50 kHz [106]. Many
methods are used to employ Q-switching which can be me-
chanical, acousto-optical, or electro-optical such as Kerr
cells or Pockels cells that change refractive index under
an applied voltage [326]. However, Q-switching can signif-
icantly reduce beam quality as compared to CW output
[307].

Sharp Overfocused
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Fig. 44 Full penetration keyhole mode weld formation [263]

Beneficial features of pulsing the output include the ability
to utilize low average laser powers to output high energies
over very short durations (microseconds). A method to pro-
duce extremely short pulsed durations of femtoseconds (fs) or
nanoseconds (ns) is called “mode locking.” The premise be-
hind mode locking is to produce a single mode or phase within
the resonant cavity through constructive interference. Pulse
durations are dependent on the speed of light and the length
of'the resonator [326]. Pulsing can have substantial benefits in
welding applications, particularly in highly reflective, thin,
and/or heat sensitive components or to improve mechanical
properties through reduced grain growth [316]. However,
there are also deleterious influences from pulsing such as ex-
treme solidification rates and a greater propensity for solidifi-
cation cracking [302].

CO, At the time of this writing, CO, lasers are much less
popular in welding applications than in the early days after
their introduction, but they are still commercially produced

STATIONARY EB, WORKPIECE MOTION

and used in some welding-related applications. The largest
current application of CO, lasers is in cutting processes
[318]. CO, lasers operate at a wavelength of 10.6 pm with a
CW or average output power range of 0.5-45 kW [50,
106, 318]. CO, lasers also utilize additions of other gasses,
such as N,, He, and Xe, to improve efficiency, output power,
and cooling [318, 319]. Most CO, lasers use a mixture of CO,,
N, and He. There are also multiple designs of CO, lasers such
as slow axial flow, fast axial flow, and transverse flow designs
and are distinguished by the operation/gas recirculation [105,
319]. Issues with beam quality, wall plug efficiency, and the
inability to transport the beam through optical fibers are some
reasons why CO, lasers were phased out with the development
of newer laser technologies. The long wavelength leads to re-
duced energy absorption when welding reflective materials
such as metals (see section 3.1.3), but 10.6 um wavelengths
can be advantageous for processing materials that are transpar-
ent to shorter wavelengths. Also, modes of electrical propaga-
tion produced via CO, sources, such as a ring-shaped intensity
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Fig. 45 Fluctuations of the keyhole in 1100 aluminum [265]
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Fig. 46 Forces which maintain
the keyhole. F1-force due to
evaporated metal atoms. F2-force
due to vapor pressure in keyhole.
F3-friction between vapor and
liquid films. F4-surface tension.
F5-electromagnetic force.
Foé-thermocapillary force (tem-
perature difference between front
and back walls). F7-force due to
electron pressure. F8-hydrostatic
pressure. F9-thermocapillary
force (front wall temperature gra-
dient). F10-surface tension [232]

AN

distribution [320], has enabled improved weld quality by re-
ducing porosity and spatter generation [321]. This has helped
continue the use of CO, laser sources within industry.

Nd:YAG Generally, the use of the term “Nd:YAG laser” refers
to the lasing medium in the shape of a rod. The rod consists of
an yttrium aluminum garnet (YAG or Y;Al50;,) doped with
the Nd** jon. The Nd** ion produces a characteristic wave-
length at 1.06 um. Excitation sources are krypton or xenon
flash lamps or diodes. Flash lamps generate chromatic light
and only a small fraction of input energy pumps the Nd:YAG
rod. This leads to excessive heat generation and poor efficien-
cy. Pumping via diodes can improve the wall-plug efficiency
from 12% [106] to 30% [105]. The most efficient pump wave-
length or absorption from Nd** ions is around 808 nm [106,
322], and this is a wavelength achievable via a GaAs or
AlGaAs diodes.

Nd:YAG lasers have pulse capabilities [322], which allow
for reducing heat input to reduce HAZ widths and better

T~

Electron beam

S

energy conversion in reflective alloys. A main issue with
Nd:YAG lasers is the rod geometry causing low efficiency,
thermal lensing, and susceptibility to thermally induced stress
and distortion. These deficiencies led to the development of
improved YAG crystal geometries such as slab designs [43]
and disk lasers [58].

Neodymium glass Neodymium glass lasers are similar to
Nd:YAG lasers and use the Nd** ion. However, the host material
is glass and is advantageous as compared to YAG due to im-
proved energy conversion and an ability to fabricate glass in a
large range of shapes with high optical quality. The disadvan-
tages to glass are broader Nd** emission lines and reduced ther-
mal conductivity leading to overheating. [105, 106]

Diode Laser generation from semiconductors or diodes occurs
from photon generation between an electrically charged p-n junc-
tion with a lateral waveguide. This fundamental principle of light
production is the same as in light emitting diodes (LEDs), except

Fig. 47 Power versus depth of 304 SS
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Fig.48 Depth of penetration versus travel speed at different powers [279]

a single wavelength is produced and guided [105]. A substantial
improvement with diode lasers is the energy conversion or wall-
plug efficiency [58, 105]. Currently, the highest wall-plug effi-
ciency occurs with output wavelengths between 880 and 980 nm
[59]. Diode lasers are largely used as pumping sources for disk
and fiber lasers because the wavelengths can be specifically se-
lected to optimize absorption by the active medium and improve
quantum efficiencies as compared to broad emission spectrum
arc and flash lamps. Diodes are optimal for pumping solid-state
gain mediums with 800-1100 nm spectral absorption bands due
to the matching output wavelength and narrow emission band
[58, 323]. Another major benefit to diodes is improving the
pumping source lifetime to as high as 30,000 h [59] with some
manufacturers advertising as high as 100,000 h [308]. This is a
substantial improvement as compared to approximately 1000 h
for flash lamps. In addition to a pumping source, diodes can be
stacked with multiple, individual diodes to form arrays for in-
creasing the total laser power. This allows for directly using
diode lasers in welding applications. However, stacking diodes
to form an array leads to poor beam quality, low brightness, and
asymmetrically focused spots [105, 323].

The need to increase the size of the diode stack is a current
limitation for direct diode welding applications. However, di-
ode lasers have shown promising results when welding high
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Fig. 49 Deflection patterns and corresponding weld geometries [283]
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reflectivity metals that are traditionally difficult to weld.
Zediker et al. [317] reported coupling efficiencies of 65%
when using blue light and coupling four diode modules to-
gether to produce 600 W of beam power and a beam param-
eter product of 44 mm*mrad. The reader is referred to
Section 4.1 for the definition of beam parameter product
(BPP). Currently, commercial diode lasers composed of sev-
eral diode bar stacks coupled into an optical fiber are available
with beam qualities as low as 30 mm*mrad at powers as high
as 8000 W [324]. A significant advancement with diodes is
quasi-continuous wave (QCW) operation. QCW lasers can
switch the pump energy on for short durations and reduce
the thermal load but maintain a laser output power close to
steady-state.

Disk The disk laser concept which was first developed in 1992
by Giesen et al. [43, 44] utilizes a thin disk geometry to allow
cooling on one face of the disk. The cooled face is also an end
mirror enclosing the optical cavity. This provides significant
benefit to a rod-shaped design for reducing thermal gradients
that will affect the laser propagation within the active medium.
Heat extraction becomes very efficient by water cooling the
end mirror side of the disk, and operation can occur at high
volume power densities (1 MW/cm® [44]).

A popular active medium is the ytterbium (Yb**) ion housed
within the YAG host crystal. The Yb>* ion, as opposed to Nd**,
has a three level pumping state with a long radiative lifetime
and high thermal conductivity [44, 310]. Pumping is performed
using laser diodes typically around 940 nm for Yb:YAG. The
use of diodes for laser pumping substantially reduces the ther-
mal load applied to the crystal allowing for significantly im-
proved efficiency and beam quality as compared to Nd:YAG
lasers [326]. Welding and cutting applications typically have
beam parameter products ranging from 1 to 10 mm*mrad with
powers from 1 to 16 kW respectively [52].

The disk laser is also capable of pulsed mode operation at
pulse durations as short as picoseconds (ps) and femtoseconds
(fs) with Yb>* doped in other host materials [322, 325]. These
short pulse widths are also achieved through mode-locking
[326].

Overall, disk lasers have high efficiency, and compared to
fiber lasers, they have a reduced cost and a decreased suscep-
tibility to back reflections into the laser cavity [52].

Fiber Fiber laser generation occurs in a flexible, glass fiber that
is doped with rare earth elements. Yb>* is a common doping
element which provides efficient energy conversion and a
wavelength of 1070 nm [302]. The pumping source of a fiber
laser can be other fibers or diodes and is performed by
launching into the core or cladding of the fiber through end
pumping or side pumping [314]. Coupling of light into the
core can largely be affected by the location and geometry of
the core, and therefore, other core geometries and multiple
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clad layers may be used to enhance coupling of the pump light
[314, 327]. The resonator is contained within the fiber laser
through fiber Bragg gratings (FBG) that are etched into the
fiber to act as full or partial reflectors [302]. The FBGs work
by altering the refractive index for passing and reflecting cer-
tain wavelengths. The rare earth elements Yb, Er, and Th have
minimal attenuation within silica and are suitable dopants in
fibers [327]. A schematic showing pumping sources (diodes)
combined and launched into the Yb doped fiber lasing medi-
um contained between two Bragg gratings is shown in Fig. 53.
[304]. This single module can be coupled together with mul-
tiple modules (Fig. 53) to continually increase power to pro-
duce output powers in excess of 100 kW. Pumping of the fiber
core by diodes can lead to wall-plug efficiencies of approxi-
mately 40% [315] to 50% [302].

An advantage of fiber lasers as opposed to other solid-state
or gas lasers is the ability to generate a beam of exceptionally
high quality (low beam parameter product) [105]. This allows
for high power densities that are conducive for welding pro-
cesses. Fiber lasers can also be Q-switched and mode locked
for ultrashort laser pulse applications [327].

760 torr 500 torr 250 torr 50 orr

Fig. 51 Effect of vacuum level on size of beam [234]

5 torr

3.1.2 Optic configurations and beam delivery

CO, lasers are directed through the air to the final focusing
optics and are severely limited by transport through fibers due
to their wavelength. For example, commonly used silica
(SiO,) fiber optics are incapable of transmitting 10.6 pum
wavelengths, and CO, lasers can only be transported through
other materials, such as a thallium-based fibers [106], making
welding impractical due to severe power restrictions.

Beam delivery for most solid-state lasers is through a silica
fiber optic cable that can range in core diameter sizes from
approximately 10—-1000 um [59]. The fiber optic cable pro-
vides a flexible means of transporting the beam and is easily
applied in CNC and robotic welding applications. To facilitate
single mode laser operation, which is the fundamental trans-
verse electromagnetic mode (TEMg) or Gaussian intensity
distribution, small fiber diameters are used. These fibers are
generally less than 50 pum to restrict the wave propagation to a
theoretically single mode. However, it can be desirable to
weld using different TEM modes or multi-mode for better
energy distribution characteristics. Commonly, higher order
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Fig. 52 Vacuum level versus percent penetration [234]
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Table 7  Characteristics of lasers utilized in welding applications
Laser Lasing Medium Wavelength Typical Beam Quality Wall-
Type (pum) Average Power M?) Plug
Range Efficiency
W) (%)
CO, CO,-N,-He gas 10.6 1k-20k 1-10 5-15
[50, 106, 306, 337] [50, 318] [50, 106]
Lamp Pumped YAG Nd**:Y3Al505 rod 1.06 0.04-7k 8-100 0.1-4
[106, 306] [106, 307] [106, 306]
Diode GaAs, GaAlAs, InGaAs, 0.75-1.10 0.1-10k 1.2-800 30-73
etc. semiconductors [59, 306, 308, 309] [59] [59, 106, 309]
Diode Pumped YAG Nd**:Y3A150,, 1.06 50-6k 1.1-100 8-12
rod [306] [106, 307] [106]
Disk Yb**:Y3A150,, 1.03 100-16k 1.3-30 15-60
YVO, [44, 310, 311] [312, 313] [306, 311]
disk
Fiber Yb**:Si0, fiber 1.07 100-30k 1.3-8 20-60
[68] [311,314] [302, 306, 315]

TEM modes are used and referred to as a “top-hat” distribu-
tion because of the uniform intensity that sharply drops to zero
outside of the beam diameter. Differences in the intensity dis-
tributions for nearly the same power and 86% beam diameter
are shown in Fig. 54. In this example, the difference in peak
intensity is nearly five times greater for the Gaussian distribu-
tion. The latest advancements utilize manipulated beam pro-
files, such as a high intensity peak surrounded by a lower
intensity ring [321], to change penetration characteristics and
reduce defect formation. The reader is referred to Section 4.3
for beam analysis techniques, procedures, and measurement.

Reflective and transmissive optics Transporting, guiding, and
focusing the produced laser requires optics that consist of
many configurations but can be loosely categorized as trans-
missive or reflective. Transmissive optics utilize a lens or
lenses produced from fused silica or CaF, and contain antire-
flective coatings to mitigate back reflections; while, reflective
optics are composed of mirrors of copper, molybdenum, or
gold for high reflectivity and decreased beam attenuation
[105]. Except for CO, lasers, the optics consist of an initial
lens that produces a column of light after the light exits the
processing fiber (fiber transporting the beam from the point of
laser generation). This collimating lens is usually defined by a
number relating the distance between the center of the lens and
the face of the optical fiber [328]. Following the collimating
lens is the focusing lens to produce the desired spot size,
which is directly proportional to the lens focal length [105].
The longer wavelength associated with CO, lasers does not
allow transport through fiber optics or glass lenses and re-
quires the use of reflective optics or zinc selenide (ZnSe)
lenses. There is a benefit to reflective optics for all lasers,
and this is to mitigate what is commonly referred to as thermal
lensing. Thermal lensing [105, 106, 328, 329] describes the
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distortion of laser beams and shifts in focal positions or spot
sizes resulting from the inability to cool the lenses at high laser
powers and/or long laser illumination times. This causes ther-
mal expansion and distortion of the lenses from the tempera-
ture gradients produced at high power [328-330]. It should be
noted that “thermal lensing” is also used to describe thermal
distortion in the lasing medium as in Section 3.1.1. These
optics-related thermal distortions have been reported to in-
crease beam diameters by over 100 um within 50 s at 7 kW
of power [329]. Miyamoto et al. [331] showed that thermal
lensing could influence the focus and power density in CO,
lasers using ZnSe lenses, and Blecher et al. [328] reported
substantial changes to the focal length and beam diameter
when producing welds with transmissive optics at 12 kW of
beam power. By utilizing mirrors, heat extraction is easier to
attain by applying water cooling directly to the back of a thin
metallic mirror. This allows for steady-state temperature dis-
tributions to help mitigate thermal lensing effects. However,
the use of water-cooled lenses further complicates and adds to
the expense of the entire laser system.

3.1.3 Beam coupling and other “physics” considerations
associated with the process

A major issue with using lasers to weld metals is coupling the
laser energy into the workpiece to produce a satisfactory weld.
The primary issues with energy transfer are based on the re-
flectivity of the metal being welded, the wavelength of light
used for welding, and the interaction of the incident beam with
the vapor plume that results from melting. The ability to apply
the incident power into the workpiece is represented by the
energy transfer efficiency [134, 173, 332]. This is calculated
by the total heat input into the material divided by the laser
energy incident to the material surface as shown in Eq. 2.
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LBW energy transfer efficiencies are relatively low in conduc-
tion mode (approximately 30%), but once a keyhole is
established, the efficiency becomes 75-90% [332]. EBW,
however, maintains a nearly consistent energy transfer effi-
ciency (85-95%) [156, 173] and readily transitions into a key-
hole welding regime. This high efficiency is because reflec-
tivity and plume interaction issues are not inherent to a high
vacuum, EBW process.

n= i [unitless] (2)
Py
where: Py =power absorbed and P; = total power

The energy transfer efficiency is not to be confused with
the melting efficiency or melting ratio [173], which ac-
counts for the power to melt a volume of material relative
to the input power. A method to compute “melting efficien-
cy” is defined by Ream [333] based on the weld cross-
sectional area, travel speed, and power, as shown in Eq. 3.
The weld process can also significantly influence efficien-
cies. Webber [334] showed that a pulsed (Q-switched)
Nd:YAG laser could significantly improve melting effi-
ciency as compared to a CW Nd:YAG laser at the same
average power.

Fig. 54 Beam profile comparison
between Gaussian (a) and multi-
mode distributions (b) at 800 W
of power at nearly a 500 um beam
diameter (86%) [144]

where: A,,=weld cross —sectional area, v =travel speed,
and P, = total power input

Reflectivity Shiny metal surfaces at room temperature are
highly reflective and lead to low absorption of laser light.
Webber et al. [134] report that absorptivity based on calcula-
tions of the material emissivity at 300°C for 304 stainless steel
is less than 15% and Ti-6Al-4V is approximately 15%.
Conductive alloys such as aluminum are reported to have
absorptivities between 2 and 3% [134]. However, this is de-
pendent on the wavelength and alloy with absorptions report-
ed as low as 1% for CO, lasers on aluminum alloys [105].
Reflectivity is higher at the longer wavelengths, and Xie et al.
[335] reported three times the absorptivity at 1.06 pm
(Nd:YAG) when compared to 10.6 pm (CO,). A schematic
of reflectivity versus wavelength for steel, Al, Cu, and Ni is
shown in Fig. 55.

Absorptivity is proportional to the square root of electrical
resistivity [134, 337]. As with conductivity, the reflectivity de-
creases as temperature increases. A further understanding of cou-
pling beam energy into the workpiece can be described by the
underlying physics of photons. It is believed that the emitted
photons interact with free electrons near the metal surface [337]
at approximately 10—100 nm of depth [131, 134]. The relatively
large photon wavelength (0.5-10 um), and lower energy, allows
for reflection off the close packed and free electron material
surface. Reflectivity is also dependent on the angle of incident
light [106], and it is common to weld with a leading or lagging

w
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weld angle to avoid excessive back reflections through the optics
and into the laser [303, 338].

The poor absorption for LBW requires high threshold power
densities [105, 131]. Reflections can be mitigated by selecting
appropriate laser wavelengths to aid in absorption, using high
power densities to form a deep-penetrating weld that will help to
“trap” the incident light through Fresnel absorption [339, 340],
or utilizing a surface preparation technique that minimizes re-
flection [341]. Absorption/reflection is a surface driven process,
and coatings, films, or oxides [335] have been used to improve
photon absorption. Xie and Karr [335] reported that increased
oxide film thickness increased absorption when welding steel
with a CO, laser. However, this can lead to substantially reduced
mechanical properties due to increased oxygen levels in the
weld metal. Another technique that was utilized was welding
with a shorter wavelength laser followed by an infrared (IR)
laser [342, 343]. This setup provided enough preheat via the
shorter wavelength to allow for absorption of the IR beam.

At power densities significant enough to vaporize mate-
rial and depress the molten weld pool, the laser is believed
to be reflected and absorbed by the wall of the vapor cav-
ity. This is referred to as Fresnel absorption [106, 141, 340]
and is independent of the intensity. However, this does not
mean that the intensity distribution of the incident beam
does not influence the vapor cavity formation as shown
by Volpp and Vollertsen [344]. Fresnel absorption is de-
pendent upon wavelength and angle of incidence [141].
Kaplan [340, 345] reported absorptivity for common laser
wavelengths based on the angle of incidence as shown in
Fig. 56. It was also shown by Kaplan [345] that the tortu-
osity (roughness) of the liquid surface influenced absorp-
tion differently for 10 pm versus 1 um wavelengths de-
pending on the travel speed. High travel speeds for a 1 yum
wavelength showed minimal influence on surface wavi-
ness. The readers are referred to References [141, 340,
345] for additional information.

Plume formation Due to the vaporization of elements during
deep penetration welding, a vapor plume is generated above
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the keyhole. The issue with plume formation results from
beam interaction with the vapor plume and the absorption,
scattering, or radiation of the incident beam. Therefore, plume
formation leads to attenuation (reduction in intensity) of the
incident laser beam, which can lead to a loss in the energy
transferred to the workpiece and a high degree of variability
on the penetration depth. The degree to which the incident
beam is absorbed is largely a factor of plume temperature
and particle size for a given wavelength. Increasing tempera-
ture leads to higher absorption rates. Increasing power was
shown to increase the amount of plume and its intensity near
the vapor cavity or vapor capillary. Results from Gao et al.
[346] for aluminum alloy 6061 are shown in Fig. 57.

The decrease in attenuation (percentage of incident power

lost by the incoming laser beam) is commonly described by
the Beer-Lambert Law as presented in Eq. 4 [347].
Il—t = e M [ynitless] 4)
where: /; = transmitted intensity, /, = incoming intensity, N =
particle density, L =laser length interacting with the plume,
and C,,, = extinction cross — section

Originally, the plume was believed to be a plasma (mix-
ture of ions and free electrons) and was widely referred to as
a plasma plume similar to arc welding [348]. This is largely
due to the original plume studies using CO, lasers [349] and
reports of plume temperatures as high as 17,000 K [350].
The formation of a plasma is dependent on the laser wave-
length, and at 1.07 pum, researchers reported the plume to
mostly be a thermally excited high temperature gas or weak-
ly ionized plasma [351, 352]. This was shown by maximum
plume temperature measurements between approximately
4000-6000 K [149, 150, 352, 353] with a plasma existing
only with ionization potentials of a few percent. The large
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Fig. 56 Calculated absorptivity versus angle of incidence for molten iron
at different wavelengths (arrow indicates increasing wavelength) [345]
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difference in plasma formation is due to inverse bremsstrah-
lung effects associated with a 10.6 pm wavelength as com-
pared to 1.06/1.07 um wavelengths [141, 354]. This is
shown with a wavelength dependency for the computation
of the inverse bremsstrahlung absorption coefficient [149,
346, 350] and is reported to be about 100 times greater for
CO, [147, 355].

Inverse bremsstrahlung occurs when the molecules or
atoms within the plume are heated to a plasma. The free elec-
trons within the plasma absorb the incident photons and cause
the incident energy to mainly be trapped by the plasma plume
above the keyhole. When the absorption exceeds the emis-
sion, the plasma is continually heated, and the longer wave-
length of CO, causes greater absorption within the plasma
[356]. The shorter wavelengths of solid-state lasers are less
affected by inverse bremsstrahlung and most beam attenuation
is believed to be caused by Rayleigh [352, 357] and Mie
scattering [149, 357]. For a more in-depth explanation of in-
verse bremsstrahlung, the reader is referred to Reference
[358].

Gao et al. [346] showed that fiber laser powers greater than
5 kW can significantly increase ionization potentials above
20%, and it was reported to be caused by inverse bremsstrah-
lung. However, this is contradictory to reports of other re-
searchers such as Kawahito et al. [351] at 10 kW of laser
power. Fabbro et al. [147] also reported that the inverse
bremsstrahlung effect scales with a square of the laser wave-
length. The shorter wavelengths associated with solid-state
lasers allow for neglecting any inverse bremsstrahlung influ-
ences [147, 148]. However, beam scattering and attenuation
can be associated with other physical phenomenon such as
Rayleigh and/or Mie scattering.

Shcheglov et al. [149] and Zou et al. [150] defined the
plume as consisting of two regions that included the weakly
ionized vapor near the weld pool and a long plume of vapor

particles within the beam path. Schneider et al. [359] made
similar observations regarding the plume. A high-speed video
image of the plume is shown in Fig. 58 with welding per-
formed on mild steel.

As already mentioned, the influence of the near infrared
light is based on Rayleigh and Mie scattering. Both mecha-
nisms are dependent upon the size of particles that form within
the plume and the wavelength of the incident light. Mie scat-
tering occurs when the interacting particles are similar in size
to the wavelength of incident light; while, Rayleigh scattering
occurs when the particles are much smaller than the wave-
length of incident light.

Scholz et al. [347] analyzed plume particle formation on
304 stainless steel using a 2kW fiber laser and reported that
high vapor pressures aid in creating large particles. As shown
in Fig. 59a, increasing power from 0.8 to 1.6 kW increased the
average particle sizes from 8 to 15 nm respectively [347].
Also, higher welding speeds showed a slight reduction in par-
ticle size as in Fig. 59b. Similarly, Zou et al. [150] reported
average particle diameters of 40 nm, and calculated results
indicated particle sizes between 50 and 80 nm [149]. Particle
size distribution was also shown to be dependent on the
shielding gas with smaller particles produced with He or N,
as compared to Ar [357]. These results indicate that Rayleigh
scattering is largely attributed to beam attenuation and can
have a significant influence on weld geometry and
penetration.

3.2 LBW penetration characteristics
3.2.1 Parameter influences on weld penetration

There are many variables that must be considered when com-
paring the penetration characteristics of various laser welding
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Fig. 58 High-speed video image of the plume on mild steel during laser
welding at SkW and 1.07 um wavelength, with a 0.3mm spot diameter
and weld speed of 2m/min [150]
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processes. The following sections consolidate the information
for CW and P-LBW.

Power and beam diameter (power density) It is difficult to
decouple the analysis of beam power and beam diameter
which often leads to weld analysis based on power density
or power per unit area. At a constant beam diameter, it is
reported that the depth of penetration increases nearly linearly
with increasing beam power [134, 360]. There is an approxi-
mately linear relationship within keyhole welding between
power and penetration at a fixed travel speed. This is consis-
tent with results from numerous researchers [137, 164, 336,
360-362]. Figure 60 shows results of fiber laser weld pene-
tration in steel alloys with increasing power [133, 336, 363].
These welding conditions utilized a top-hat beam distribution
(see Fig. 54). The linear exception in this data is from the
results using a 1.2 mm beam diameter (circles) and transfers
from conduction to keyhole mode [133].

For P-LBW, peak power largely influences the penetration
[302]. For Ti-6Al-4V, Akman et al. [190] showed a nearly
linear increase in penetration depth versus peak power until
a threshold power level was reached where there was no fur-
ther increase in penetration. The departure from linearity was
reported to be caused by beam interactions with the plasma
plume [190]. Similar P-LBW results can be found from
Bransch et al. [135] with increased power density at a constant
beam diameter. When welding in conduction mode (lower
power density or high travel speed), the penetration relation-
ships are no longer linear [120, 133].

Beam diameter Beam diameter is a complicated variable that
can lead to weld variations caused by different energy inten-
sity distributions. Diameters are not always directly compara-
ble because of energy density differences due to varying trans-
verse electromagnetic modes (TEM), beam quality, and the
method of measuring the diameter. The reader is referred to
Section 4.1 for more information on defining beam diameters.
However, reducing the diameter for a given analysis method
at a constant power and travel speed will increase the intensity
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Welding speed [m/s]

and result in deeper weld penetration [132, 364, 365].
Figure 61 shows that at twice the beam diameter (0.6 mm
versus 1.2 mm) and nearly comparable travel speeds (=50
mmy/s), there is a substantial change in penetration indicated
by the circles versus the left pointing triangles. It is interesting
to note that these penetration results are at nearly the same
power density. However, the 1.2 mm beam diameter [133]
remains in conduction/transition mode versus the 0.6 mm
beam diameter in keyhole mode. This illustrates how solely
comparing power density is insufficient.

Travel speed Slower travel speeds increase the overall energy
and heat input deposited into the workpiece. This causes the
weld pool to widen and reduces the weld aspect ratio [105].
Penetration is reported to exhibit an exponential decrease with
increasing travel speed [105, 360]. There is a substantial
amount of literature published that plots the LBW relationship
between penetration and travel speed [105, 120, 132, 302,
336, 349, 360, 366]. Figure 61 shows the exponential decay
with increasing travel speed based on results from CO, lasers.
Baardsen et al. [360] reported that laser welding penetration
depths do not show a corresponding relationship between pen-
etration and travel speed. This was based on the idea that
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Fig. 60 Fiber laser penetration versus power for steel alloys [133, 336,
363]
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Fig. 61 Penetration versus travel speed for CO, lasers operating in
keyhole mode [120, 349, 360]

higher travel speeds require some amount of “illumination
time” to form a weld pool. Therefore, reflectivity becomes
greater with higher speeds and less energy is “captured” with-
in the keyhole [360]. The complexity of the travel speed is
exacerbated by laser plume interactions [168, 356, 367-369],
which is also dependent on travel speed [349]. Although, CO,
lasers have much greater plume attenuation than near 1 pm
wavelengths, the relative trend is the same for shorter wave-
length lasers as shown in Fig. 61.

Travel speed also changes the shape of the weld profile
with higher travel speeds resulting in reduced penetration
and a narrower weld as viewed on the surface of the workpiece
[105]. Figure 62 shows the influence of increasing travel
speed on Type 304 stainless steel at 1400 W of beam power.
The change in weld penetration is much more pronounced
than the change in weld width for these welding conditions,
and it is believed that a transition occurs between keyhole to
conduction mode between 75 and 100 mm/s.

Pulse parameters Pulsed laser welding introduces additional
parameters including peak power, pulse width, and pulse fre-
quency. Pulsed waveforms with increased complexity are also
useful for applications attempting to improve coupling effi-
ciencies [370], reduce porosity, or improve the weld surface
appearance [302]. For linear welds, the combination of fre-
quency and travel speed determines the percentage of pulse

Fig.62 Change in weld geometry
on 304 stainless steel using a
multi-mode beam profile at sharp
focus [144]. An apparent change
from keyhole to conduction mode
occurs above 75 mm/s

overlap to maintain required strength (cross-sectional area) or
hermetic seal requirements. The relationship to describe per-
cent overlap is shown in Eq. 5 [371].

(') x100 (5)

(d +vt)

Yooverlap = | 1—

where: v = travel speed, /= frequency, d = spot diameter, and #-
= pulse duration

P-LBW can be advantageous compared to CW by signifi-
cantly increasing penetration for the same average power. It is
also an effective method for reducing the overall heat imparted
to the workpiece. Assuncao and Williams [372] showed in-
creased weld depth at consistent interaction times and power
densities between P-LBW and CW-LBW as shown in Fig. 63.
The difference in the penetration was dependent on the inter-
action time, and shorter interaction times resulted in larger
differences. Figure 63 also shows the linear relationship with
power and penetration for P-LBW and essentially no or neg-
ligible transition region is apparent between conduction and
keyhole mode.

As with CW welding, Kumar and Sinha [214] showed a
linear relationship between the calculated heat input and
cross-sectional area of the fusion zone area in Ti-6Al-4V.
Fuerschbach and Eisler [373] analyzed pulse duration with
increased “energy intensity” (pulse energy divided by spot
diameter, J/mm). Comparing equivalent energy intensities, a
shorter pulse duration produced greater penetration.

Beam manipulation The use of galvanometer-based scanning
optics allows for manipulating laser beams in various config-
urations such as circles, longitudinally with travel direction,
transversely with sinusoids, and “figure 8” patterns. This in-
troduces an additional three variables to the laser welding
process including: pattern, amplitude, and oscillation frequen-
cy. Benefits to beam oscillation or “wobble head” welding
may involve changes to weld penetration and width [374,
375]; improved joint fit-up tolerances [375, 376]; reduced
porosity [377]; microstructural refinement [378]; and greater
process control when welding dissimilar metals. Issues arising
from beam oscillation can include widening of the HAZ [378],
increased spatter [376], and undercut [374]. Mrna et al. [379]

//4/ 105 150 mm/s

. 75 mm/s
Power = 1400 W —
Beam Diameter = 500 ym 500 um
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Fig. 63 Comparison of P-LBW and CW-LBW penetration at an interac-
tion time of 20 ms and ~0.9 mm beam diameter [372]

showed that beam oscillation causes significant variability in
the vapor capillary and weld pool flow. This transient nature
of the keyhole may introduce defects depending on the
welding parameters. Higher frequency (200 Hz) compared
to lower frequency (100 Hz) circular oscillation resulted in
reduced spatter as shown by Fetzer et al. [377].

Wang et al. [378] reported a decrease in grain size at the
weld centerline when beam oscillation is used for an alumi-
num alloy. The greatest grain refinement occurred with a cir-
cular oscillation at a diameter of 1| mm and frequency of 180
Hz. The refinement is believed to be caused by fragmentation
of the solidifying dendrite tips at the trailing edge of the weld
pool, resulting in heterogenous nucleation sites for new grains
as shown in Fig. 64 [378].

Other variables Other variables related to the baseline beam
parameters that can influence weld penetration include, 1)
interaction time [132, 134, 365, 380, 381]; 2) specific point
energy [365, 381]; and 3) energy density [365]. The interac-
tion time includes the travel speed and diameter of the beam
across the surface of the work piece assuming the centerline of
the beam spot parallel to the travel direction [134, 363, 366,
382]. The interaction time is then calculated by the beam
diameter divided by the travel speed as shown in Eq. 6.
Fundamentally, the interaction time is only accurate at the
weld centerline because moving outward from the circle cen-
ter (assuming a circular beam) reduces the length of the beam
applied to a specific point. However, Suder and Williams
[132, 363] assumed that the effects on a beam radius are neg-
ligible for small spot sizes, and multiple researchers have in-
corporated interaction time into weld width and penetration
analysis [132, 365, 382].

ti =, [s] (6)
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where: ¢; = interaction time, v=travel speed, and d, =beam
diameter

The specific point energy (SPE) calculation is shown in Eq.
7, and this is defined by the energy computed from the power
and interaction time. At the weld centerline, this represents
how much energy is exposed to an infinitesimally small point.

SPE = Py, [J] (7)

where: P =power and ¢; = interaction time

The interaction time is believed to be comparable to a pulse
used in P-LBW applications where the interaction time can be
thought of as the pulse length or period of radiation in the CW
LBW process. Suder and Williams [363] analyzed the influ-
ence of a constant interaction time for bead-on-plate welds
using a fiber laser. When maintaining a constant interaction
time, the depth of keyhole penetration increased linearly with
an increasing power density. This data is consistent with prior
results (Fig. 60) showing increased penetration at higher pow-
er with a fixed beam diameter and travel speed [105, 137, 164,
336, 361, 362]. Suder and Williams [363] reported that some
length of interaction time is required to establish a keyhole for
a given power density, and it was reported that there is a need
for a threshold energy density to elevate the material to its
boiling point for transitioning into keyhole welding. Energy
density can be calculated by the power multiplied by the in-
teraction time as shown in Eq. 8.

Energy Density = Pyt; [J /mm?] (8)

where: P, =power density and #; = interaction time

Weld defects Porosity and solidification cracking are major
issues inherent to HED processes. Porosity defects are associ-
ated with substantial vaporization, rapid solidification, and
vigorous weld pool stirring; while, solidification cracking is
an issue with rapid solidification rates, alloy composition ef-
fects, and internal shrinkage stress.

Porosity is considerably more significant in deep penetra-
tion welding (higher power densities) and with certain alloy
systems such as aluminum [139]. Two basic types of porosity
form, which include root porosity (keyhole collapse) and uni-
form porosity (gas entrapment). Norris et al. [383] and
Blecher et al. [384] showed that increased weld volume/area
increased the amount of porosity that formed for CW LBW.
For P-LBW, porosity formation is largely dependent on the
power modulation and the pulse parameters utilized.
Matsunawa et al. [385] showed that lengthening the trailing
edge of the pulse was able to reduce weld porosity by slowing
keyhole collapse and gas entrapment. LB-PBF is an active
area of research on porosity analysis and minimization tech-
niques to reduce and avoid defects in AM parts. Results show
that higher powers at a given scan speed result in reduced
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[378]

porosity during selective laser melting (SLM) of Ti-6Al-4V
[386, 387].

As with EBW [209], CW LBW can be susceptible to
solidification cracking and is exacerbated with unfavorable
solidification conditions and high shrinkage stresses. For
example, for austenitic stainless steels such as Types 304
and 316, solidification as austenite tends to promote solid-
ification cracking versus solidification as ferrite. Also, high
aspect welds with distinct centerlines tend to increase sus-
ceptibility to cracking.

P-LBW is inherently more susceptible to solidification
cracking due to higher solidification rates associated with
low average power [388, 389]. However, modification of
pulsing parameters by increasing frequency or modifying
pulse waveforms can reduce solidification cracking tenden-
cies [388, 389]. Reduced crack susceptibility was also report-
ed by Olsen [370] with high repetition rates, larger overlap,
and greater weld depth.

“Humping” is an issue when welding at extreme travel
speeds [390-393] and is usually preceded by “ropy” beads
and undercut [393]. Kawahito et al. [392] showed that
humping is exacerbated with smaller beam diameters (130-
200 um) and higher travel speeds (>75 mm/s). Because

surface tension and Marangoni flows are believed to signifi-
cantly influence humping, material composition can largely
influence formation of a high and discontinuous weld face.

3.2.2 Vacuum (or reduced pressure) effects

The following section discusses LBW under reduced atmo-
spheric pressure. Although LBW is usually conducted at am-
bient pressure, welding in high or partial vacuum can signif-
icantly influence weld penetration.

Penetration and weld width The influence of laser welding
under vacuum was first analyzed for CO, lasers. Arata et al.
[394] initially showed significant increases in CO, laser weld
penetration under vacuum conditions. Katayama [368] also
increased penetration depth during YAG laser welding at re-
duced ambient pressure. The trends in penetration character-
istics with decreasing vacuum levels are consistent among
researchers using various laser types and alloys [146, 147,
356, 369, 390, 395]. Reports have stated that vacuum LBW
can improve penetration depth by a factor of two [394, 396] to
four [397] times compared to atmospheric conditions.
Katayama et al. [390] achieved penetration as deep as
73 mm in Type 304 stainless steel when welding in an
under-focused condition at a pressure of 0.1 kPa (0.75 torr)
[390].

A schematic representing the trends of penetration and
welding speed for a given laser process, power, and beam
diameter as a function of atmospheric pressure is shown in
Fig. 65. At higher travel speeds, there is less influence on
increased penetration with decreasing pressure [390]. At low
pressures, penetration no longer improves. This vacuum level,
known as a critical threshold, is reported at pressures as high
as 10 kPa (75 torr) but can be influenced by the alloy, wave-
length, power density, and travel speed. High travel speeds in
excess of 3 m/min (66.7 mm/s) may exhibit critical thresholds
at or near atmospheric pressures [390, 395].

Lower pressures also influence aspects of the weld other
than penetration. The weld widths are reported to decrease
[390, 391], and the weld geometries become comparable to
EBW [147, 356, 367, 396]. Fig. 66 [356] shows laser beam
weld cross-sections at pressures of 100 kPa (750 torr) and
0.01 kPa (0.75 torr). There is a substantial decrease in the weld
toe width with increased penetration. For comparison, there is
also the cross-section of an EB weld at an equivalent power
[356].

A main mechanism for increased LBW penetration in re-
duced pressure is the reduced interaction of the beam with the
plume. A schematic representing how the plume changes with
reduced atmospheric pressure is shown in Fig. 67 from Luo
et al. [391]. Experiments to analyze plume characteristics in
reduced vacuum environments have used 1) x-ray imaging
[394]; 2) standard photography [367, 395, 398]; 3) high speed

@ Springer



1278

Weld World (2021) 65:1235-1306

imaging [150, 369, 391]; and 4) transmission of probe lasers
through the plume/process beam [150, 390, 391, 398]. All of
these techniques have verified the reduction in beam/plume
interactions under reduced pressure conditions.

The open literature contains contradictory information as to
what degree the plume influences beam attenuation for fiber
lasers at 1070 nm wavelengths. Kawahito et al. [352] reported
a maximum attenuation of 4% measured at 3 mm above the
plate surface using a 10-kW fiber laser. These results were for
welds on austenitic stainless steel at atmospheric pressure.
Their conclusions state that the “weakly ionized plasma”
was insufficient in reducing weld penetration [352].
Similarly, Zou et al. [150] reported a maximum attenuation
of 5% in atmosphere when welding on mild steel. Figure 68
shows the maximum attenuation around 13% for an aluminum
alloy [398] and 20% for a high strength low-alloy steel [391]
and the probe laser attenuation decreasing further below at-
mospheric pressure. These results show significantly higher
beam attenuation at atmospheric pressures (~100 kPa), and the
attenuation can be dramatically decreased through reduced
pressure.

Contrary to other published results, Greses et al. [357] re-
ported maximum attenuations up to 40% when analyzing
Nd:YAG CW LBW in atmosphere. Some issues in plume
attenuation analysis using a horizontal probe laser are attrib-
uted to plume fluctuations or temporal instabilities [242, 355,
357]; probe diameters relative to beam analysis; and a reduced
length of beam propagation through the plume. By propagat-
ing a probe laser transversely through to the incident beam, the
attenuation through the appropriate length of beam is not com-
parable to the incident beam. Nonetheless, there is a clear
decrease in attenuation with reduced ambient pressures, and
different alloys will have different vaporization pressure/
temperature curves that lead to variable plume generation
[362]. It was shown by Chiang and Albright [349] and Zou
et al. [150] that reducing the height of the plume available to
interact with the beam improves penetration.

Constant Power and Beam Diameter

[=
el
E Travel
o Speed
[
o \
\
0.1 kPa 1kPa 101.3 kPa
Pressure

Fig. 65 Schematic showing LBW penetration versus pressure at a
constant power density and increasing travel speed. Data interpreted
from references [147, 390, 394, 395]
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Fig. 66 The effect of pressure on S355 steel welded at 16 kw and 0.3 m/
min (5 mm/s). LBW at 100 kPa, LBW at 0.01 kPa, EBW at 0.0001 kPa
[356]

At nearly atmospheric pressure, heat distribution is sub-
stantially different near the weld surface. This plume interac-
tion and energy absorption at the weld surface distributes the
heat and reduces the propagation of the incident energy further
into the workpiece. At low pressures, the plume can no longer
interact with the beam and distribute heat outwards along the
surface. Thus, the incident laser energy is no longer absorbed
and scattered by the plume.

The advantage of reduced pressure LBW in comparison
with EBW is the ability to substantially increase penetration
at moderately low vacuum levels, such as 1 kPa (7.5 torr). In
contrast, EBW requires much lower vacuum pressures (<0.1
torr) to minimize electron-molecule interaction that results in
extensive beam attenuation [356, 396]. Thus, with LBW, even
small reductions in atmospheric pressure can provide signifi-
cant improvement in penetration.

Because of the nature of the process, such as beam delivery
by fiber optics, the ability to use partial vacuum conditions for
LBW is apparent. LBW can achieve faster pumping times
along with decreased complexity of vacuum systems. An ad-
ditional benefit for improved weld penetration in partial vac-
uum environments is the ability to utilize local vacuum or
partial vacuum units that move with the welding optics [399,
400]. These “mobile enclosures” open the possibility for low
pressure LBW by reducing capital costs and allowing for
welding of large components [399].

Porosity In addition to increased penetration, reduced pressure
was shown to significantly reduce weld metal porosity [338,
368, 397]. An example of this is shown in Fig. 69 [338]. Cai
et al. [338] reported that the change in porosity is influenced
by liquid flow along the keyhole wall and due to greater key-
hole stability. Elmer et al. [397] reported differences in the
morphology of the pores under vacuum conditions. Under
atmosphere, the pores were large; while under vacuum, the
pores were much smaller but greater in number.
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Humping Vacuum conditions are reported as increasing the
tendency for humping. Both, Lou et al. [391] and Katayama
et al. [390] reported an increase in humping at lower pressures
(<1 kPa). Although, Katayama et al. [390] reduced humping
at low pressures by welding in an under-focused condition
(i.e., with the beam waist significantly below (>20 mm) the
plate surface). The same results were obtained by Borner et al.
[395] at vacuum levels below 0.1 kPa and velocities greater
than 12.5 mm/s. Elimination of humping occurred when
under-focusing by 8 mm.

3.2.3 Plume suppression

Plume suppression techniques are commonly utilized in LBW
to remove the vaporized particles from the beam path using a
jet of gas. This is generally considered to be a more practical
and cost-effective method to improve weld penetration as
compared to welding under vacuum. Generally, this consists

N
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0 20 40 60 80 100

Pressure (kPa)

Fig. 68 Variation of laser attenuation versus atmospheric pressure for
fiber lasers at a wavelength of 1070 nm. Differences in plume
attenuation are shown at a 1 mm height for an aluminum alloy
(squares) [398] and at a 3 mm height for a high-strength low-alloy steel
(diamonds) [391]

of compressed air, N,, or Ar directed orthogonal to weld di-
rection and through the beam. This stream of gas (sometimes
referred to as a “cross-jet”) aids in removing metallic particles
and allowing for less photon-particle interaction, and there-
fore, reduced beam attenuation.

Chiang and Albright [349] (CO, laser) and Zou et al. [150]
(fiber laser) showed that reducing the height of the cross-jet
above the workpiece improved weld penetration. With the
cross-jet applied close to the weld surface, most of the plume
is ejected out of the path of the laser resulting in less beam
attenuation and deeper weld penetration. These results are
shown in Fig. 70 and have an exponential decrease relative
to cross-jet height [150]. As with the vacuum results, the in-
fluence is greater at slower travel speeds [349].

Flow rates Schneider et al. [359] showed variation in plume
suppression under two different argon flow rates with lateral
gas flow. Increasing the flow rate from 10 to 50 L/min reduced
the plume height from approximately 30 mm to 10 mm, re-
spectively [359].

Gas compositions Different gases within the plume may
change particle agglomeration and alter ionization potentials
which can lead to variations in weld geometries. Chiang and
Albright [401] produced varying penetration based on the
shielding gas utilized. The deepest penetration was achieved
using He (highest ionization potential), followed by CO, and
Ar. Greses et al. [357] reported that there was minimal differ-
ence in particle sizes when comparing Ar, He, and N, shielding
for a Nd:YAG laser, and the best transfer efficiencies were
obtained using an Ar cross-jet versus He and N, [357].

4 EB/LB process characterization
and monitoring
Producing electron and laser beam welds that perform as

intended for a given application starts with understanding
and quantifying the total power and beam distribution
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(characteristics). HED beams develop non-ideal shapes during
generation, propagation, and focusing, and beam distributions
and divergence angles directly influence weld geometries,
process robustness, and the propensity to form undesirable
discontinuities and/or defects. Therefore, understanding the
“actual” power and power distribution through beam charac-
terization is crucial to mitigate material processing issues. This
becomes increasingly important in manufacturing when com-
ponents must be duplicated on numerous machines that have
variable performance.

4.1 Beam terminology

Beam quality refers to the beam diameter and the divergence
angle, with a high quality beam having a small focused diam-
eter and a low divergence angle. The beam quality is influ-
enced by the nature of the generated beam, lenses, and ma-
chine parameters. For reference, Fig. 71 shows a schematic of
a longitudinal beam section commonly referred to as a beam
caustic [131]. The beam quality is commonly represented as
the beam parameter product (BPP). The BPP is the beam waist
(Ry) or radius in millimeters multiplied by the far-field diver-
gence half-angle (0) in milliradians (mm*mrad) [131]. The
smaller the value, the higher the beam quality. The divergence
determines the depth-of-field or the distance away from the
focused beam waist where the beam maintains its diameter.
This is quantified by the distance from the beam waist where
the beam doubles its cross-sectional area and is referred to as
the Rayleigh length (Zgy).

Comparison of the actual beam to an ideal beam is based on
the M? value or BPP of the actual beam divided by the BPP of
the ideal beam. As the M? value approaches one, the closer the
generated beam is to a theoretically ideal, diffraction-limited
Gaussian beam. This has the greatest ability to be focused and
can achieve the highest power density. The K-number is also

(a) Y37, IR PR P AT I sat r At 0.0y Il mOnpq e
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Fig. 69 Weld metal porosity at: atmospheric pressure (a), 10° Pa (b), 10"
Pa (c), 107! Pa (d), 10~ Pa (e) [338]
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used to indicate beam quality and is an inverse of the M>
value. For more information and equations, the reader is re-
ferred to References [105, 106, 131, 134]. Fiber lasers can
produce a high beam quality even at powers upwards of
50 kW with a BPP less than 8 mm*mrad [131]. This is attrib-
uted to the shorter wavelength as compared to CO, lasers and
the ability for thin fibers to constrict a single mode of wave
propagation as compared to Nd:YAG lasers [106].

As discussed in Section 3.1.2, lasers can produce various
transverse electromagnetic (TEM) modes or standing wave
patterns. TEM modes common for welding include a
Gaussian (EB distribution) or a “top-hat” distribution (multi-
ple propagating TEM modes in solid-state lasers). A Gaussian
or TEM, mode is shown in Fig. 72a; a multi-mode beam is
shown in Fig. 72b; and a TEMy;+ beam is shown in Fig. 72d.
In welding, it is not necessarily desirable to use the highest
quality Gaussian or TEMg, beam.

With finely focused high intensity beams, weld issues may
arise such as: a missed joint caused by narrow welds and
insufficient tolerances [106], excessive spatter generation,
root porosity [403], and keyhole spiking defects [137].
Multi-mode distributions produce lower quality beams with
higher M? values ranging from approximately 10-30 [144,
402]. However, multi-mode distributions can mitigate weld
related issues caused by high intensity Gaussian profiles.
Multi-mode distributions only contain uniform intensity at
the focal position and, thus, the beam diameter and the inten-
sity distribution changes at an increasing distance from the
focal point [402].

Because physical equipment cannot achieve ideal distribu-
tions, there is always discrepancy in the focal point and output
intensity distributions. Understanding the output requires
measuring multiple intensity distributions and beam diameters
throughout the beam axis. This is necessary at various posi-
tions above and below the focal point, and this series of mea-
surements can produce a beam caustic as shown in Fig. 73.
The intensity disparity for a multi-mode laser beam is also
shown in Fig. 73. From this caustic, the beam diameter, inten-
sity distribution, far-field divergence angle, Rayleigh length,
BPP, and M? values can be computed. It should be noted that
these measurements must be taken normal to the beam axis.
Some of the historic and current methods for measuring elec-
tron and laser beams will be discussed in the Sections 4.2 and
4.3 respectively.

The complex, non-ideal shapes of propagating beams are
not conducive to defining an absolute beam diameter. High
voltage electron beams are usually representative of a
Gaussian-like distribution [250]. This is also the case for sin-
gle mode and laser beams. Common computations to quantify
the beam diameters include full-width-at-half maximum
(FWHM), 1/¢%, D86, and D2M [250, 404]. FWHM is the
width of the beam measured at half the peak intensity, and
the 1/e* diameter is the distance measured between two points



Weld World (2021) 65:1235-1306

1281

0.28
—— Penetration
6.9 ---- Squared error

024 €
E
Eesl -
\E/ 0.20 s
5 ko]
= 6.3 o
B 016 &
o) o
% 6.0 it
a = 012 ®
Tt o
5.7 =

' 0.08

20 40 60 80
Height of the cross jet (mm)

Fig. 70 Penetration versus cross-jet height at 5 kW and a 33 mny/s travel
speed [150]

where the intensity reduces by 0.135. D86 is the diameter
centered above the centroid where 86% of the total power is
contained. D2M is the second-moment beam width and essen-
tially an integral of the intensity weighted according to the
square of the distance from the centroid. The D2M diameter
is the International Standard Organization (ISO) definition of
laser beam diameter [405].

For an ideal Gaussian beam, the l/ez, D86, and D2M
methods compute identical results. Beams that take on non-
symmetrical shapes may influence the diameter depending on
the calculation utilized. Pierce and Burgardt [250] analyzed a
low voltage electron beam caustic comprised of a high

y

= 0*R

Fig. 71 Representation of a focused beam caustic along the z-axis (lon-
gitudinal section) [131]

intensity peak surrounded by an annular ring of electrons for
an underfocused welding condition. The analysis shows that
this ring surrounding the high intensity peak can lead to var-
iations in D2M calculations as compared to D86 or 1/¢*. A
simulation of this beam profile was recreated by Pierce and
Burgardt [250] as shown in Fig. 74. The result of this differ-
ence is from the second moment calculation multiplying the
intensity by the square of the distance [404, 405]. Therefore, a
low percentage of electrons at a large distance from the cen-
troid will significantly increase the computed diameter. This
shows the importance of always comparing beam measure-
ments based on consistent definitions when beam profiles re-
sult in complex geometries.

Welding closest to the focal position provides the greatest
process tolerance due to variations in vertical positioning or
focal point shifts. As discussed in Section 3.1.2, thermal
lensing during laser welding can move the focal position and
change the beam diameter, ultimately leading to wide varia-
tions in process conditions [328]. An example of varying
beam diameter at two different powers and beam-optic trans-
mission times is shown in Fig. 75. Higher laser powers [406],
longer times [406], and TEM,, distributions with high inten-
sity peaks [105] exacerbate the effects of thermal lensing by
changing the refractive index and thermally distorting the lens
geometry [106]. This is one example showing why beam di-
agnostics is imperative to avoid unwanted material processing
issues resulting from changes in beam characteristics.

4.2 Electron beam characterization

Electron beam quality control starts with verifying machine
settings such as beam current, accelerating voltage, vacuum
level, focus current, working distance, and travel speed. The
modern EB systems utilize closed-loop feedback controls
to maintain consistent parameter outputs. However, set-
tings are not directly comparable between EB machines
[407] and can change for a single machine throughout the
operational lifetime [407, 408]. Also, the sharp focus beam
diameter is determined through operator judgement leading
to significant inconsistency [407, 409], and machine main-
tenance such as filament changes [408] causes filament-to-
filament variation in electron emission.

An early method to determine the EB sharp focus position
was developed by Arata [410] as shown in Fig. 76a. This test
works by the beam passing over thin plates to produce melting
and/or cutting at different heights along the beam axis. The
physical shift in focal position can be determined, but this
procedure does not reveal beam intensity variations. For more
in-depth EB diagnostics, methods have been developed to
examine the electron beam by reconstructing detected electri-
cal signals relative to beam positions. These methods utilize
either a rotating wire traversed through the beam, as shown in
Fig. 76b, or some variation of a Faraday cup. Fundamentally,
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Fig. 72 Laser beam intensity distributions: Gaussian beam (a); multi-
mode or “top-hat” (b); Bessel (c); annular, TEMg;« , or “donut” (d) [402]

a Faraday cup is a metallic, conductive enclosure that collects
electrons through a small orifice. Within the collection cup, a
voltage is developed across a resistor that is further processed
and analyzed to reproduce the electron intensity. These probes
include rotary wire systems [409, 411], single slit systems,
multi-slit systems [15, 17, 407, 408], and pinhole systems
[250, 404]. Schematics showing the operating principles for
the pinhole and slit systems are shown in Fig. 77a and b
respectively.

Initial wire-based designs simply utilized a small diameter,
stationary wire probe while the beam was moved across the
wire [412]. The output current can then be correlated to the
fraction of wire within the beam, and it is necessary to main-
tain a wire size much smaller than the beam diameter [413].
To eliminate influences from beam deflection, rotary wire
probes were developed that consist of thin, refractory metals
attached to an arm that is rotated at high speed [409, 411, 414,
415]. These designs can provide quantitative information on
beam shape, width, and current distribution. In addition, the
versatility and simplicity of the rotary probe allows the device
to accommodate most EBW systems. Limitations for a wire
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probe system include the rotation speed, the wire diameter,
and the duty cycle with power limited to ~30kW [409].

Slit-based probes contain high aspect ratio cavities cut into
a refractory metal positioned on top of the electron detector.
The electron beam is scanned or deflected across slits with
widths that are fractions of the beam size as shown in Fig.
78. There are various designs of slit systems from continuous
evolution of EB detection development [409, 416]. The en-
hanced modified Faraday cup (EMFC) [17] is a relatively
recent variation of a slit system Faraday cup with slits radially
positioned on a tungsten target that allows for recreating the
EB distribution [15, 408, 409].

Pinhole based probes are similar to slit based probes except
that the geometry of the orifice for sampling the electron beam
is a very small hole. The Pro-beam Diagnostic Device (PBD)
is an example of a pinhole type system [404]. As with the wire
and the slit design, the pinholes must be a fraction of the size
of the electron beam diameter. Since these pinholes are very
small, debris and melting can be major issues for these sys-
tems by preventing or limiting accurate measurements of the
electron beam characteristics [409]. Additionally, pinhole sys-
tems are limited due to their low signal-to-noise ratio.
However, pinhole Faraday cup systems provide comprehen-
sive analysis of the electron beam characteristics for systems
with low power limits (=<10kW and below) [409].

Another system, known as the DIABEAM [410, 415], in-
corporates the rotating wire, slit, and pinhole detection
methods to provide a more comprehensive beam diagnostic.
The ultimate need for accurately measuring and characterizing
the beam with these probing systems is to better understand
beam distributions and parameter variations leading to vari-
able weld quality. Using the EMFC, Palmer and Elmer [408]
showed the necessity for beam diagnostics to avoid the varia-
tions in observed EB parameters at sharp focus. It was report-
ed that the EMFC allowed for maintaining a tolerance of +2%
for FWHM and 1/¢* measurements. Caution should be taken
when comparing results from different detection methods and
diameter measurement definitions; however, Pierce and
Burgardt [404] showed similar results for a Pro-Beam pinhole
device as compared to the EMFC.

4.3 Laser beam characterization

Laser settings and output powers do not always correspond
and can have a significant influence on process performance.
This requires knowing and calibrating the difference in set
power versus output power for each system. Beam diagnostic
tools are required to quantify laser output powers, beam diam-
eters, divergence angles, modes of propagation, and pulse
parameters. These analysis tools are lumped into two catego-
ries which involve power measurement and beam caustic
analysis. The appropriate diagnostics tool must be chosen
based on the laser wavelength, continuous versus pulsed
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Fig. 73 Multi-mode laser beam caustic at 2000 W of power measured
using a commercially available rotating pinhole device [144]

power, overall power, and spot size. There are numerous com-
mercially available laser energy and power sensors available
and selecting which sensor to use is largely dependent on the
application. This is not intended as an exhaustive overview of
these sensors, but provides some information on sensor fun-
damentals and selection criteria. A list of laser power sensors
and characterization systems is provided in Table 8.

4.3.1 Power meters

Thermopiles are composed of many connected thermocouples
that produce a voltage proportional to the temperature rise
caused by heat absorbed from the incident laser. Because
these sensors can take several seconds to stabilize, they are
only suitable for average power measurements and not sensi-
tive to individual pulses (Table 8).

Photodiode sensors are semiconductor devices that convert
light directly into an electrical signal. Photodiodes are highly
sensitive and saturate easily, making these sensors mostly
useful for low power lasers (pW to mW) in the visible to
near-infrared wavelengths [417, 418]. However, these sensors
can measure the variation of the pulse power throughout the
temporal profile.

Pyroelectric sensors detect infrared radiation and are highly
sensitive, and are widely used for pulsed lasers. They measure
the pulse energy of the laser by generating a current when

subjected to variations in temperature. The current delivered
by each pulse is then proportional to the pulse energy deliv-
ered by the laser [418]. These sensors can measure the energy
of an individual pulse but cannot differentiate how the pulse
power varies throughout the pulse waveform or temporal
profile.

The radiation pressure power meter (RPPM) is a recent
development that measures the force generated by the laser
light and can provide a highly accurate measurement of the
laser power [419-422]. A schematic showing the measure-
ment and/or implementation of an RPPM in applications is
shown in Fig. 79. The RPPM has been used with CW lasers
with powers ranging from 25 W to 50 kW at a 1070 nm
wavelength. These sensors are currently being adapted to be
mounted within the weld head and have potential for real-time
laser power monitoring [421, 423].

4.3.2 Beam profilers

To diagnose the actual laser output distribution as shown in
Figs. 72 and 73, it is necessary to direct the laser at a material,
such as Kapton® film, or across a sensor. Techniques to sam-
ple portions of the beam mainly include cameras for direct
laser measurement or rotary devices to direct and detect small
fractions of the beam at a given position [106, 428, 429].

Physical beam diameter measurements have and continue
to be analyzed by vaporizing materials such as Kapton® film
or anodized aluminum. The laser is fired at the material using
a single laser pulse, and the diameter of the hole or “charred”
region is measured under a microscope. The diameter of the
charred region provides an approximation of the laser beam
diameter, and the beam caustics are produced by moving the
film or material through a range of focal positions.
Fuerschbach et al. [424] reported that Kapton® film provides
a measurement encompassing approximately 99% of the
beam diameter, although the spatial or intensity distribution
of the laser cannot be determined. The change in intensity
distribution and power showed a divergence (increase) in
Kapton® measured diameters as compared to a rotating pin-
hole device using a D86 beam measurement [424]. Similarly,
Wang et al. [425, 430] showed that this technique produces
variations in the “charred” region and hole diameter depend-
ing on the pulse energies used.

Digital cameras use complementary metal oxide semicon-
ductors (CMOS), charge-coupled device (CCD), or pyroelec-
tric sensors assembled in an array of pixels that convert incident
light into an electrical signal [106, 428]. These devices are
generally limited to low power or low power densities and a
main issue is destroying the detector with the incident beam.

The scanning aperture (pinhole) device diverts a small por-
tion of the laser energy towards a detector at each pass through
the beam. A schematic of this device developed by PRIMES
GmbH [427] is shown in Fig. 80 [426]. To “map” the beam,
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Fig. 74 Simulated low voltage electron beam distribution containing a
Gaussian core surrounded by a ring consisting of 10% of the electrons.
The computed D2M = 1.2 and 1/e2 = 0.8 (arbitrary units) showing the
difference in diameter computations [250]

the detector must be moved relative to the beam axis in the x
and y dimensions. The electrical signal produced by the pho-
todiode is saved for each x-y position and used to recreate
intensity distributions as shown in Fig. 73. For measuring
various wavelengths, different pinhole devices and sensors
can be utilized [427].

As with EB, numerous methods have been developed and
are continuously improved for detecting laser distributions or
mode structures. For more information on detector capabilities
the reader is referred to References [106, 428, 429, 427].

4.4 Weld monitoring

The industrial desire for every production weld to meet appli-
cable postweld inspection and/or code requirements has gar-
nered significant investment into developing and implementing
real-time weld monitoring and control [431]. Prevention and
detection of defect formation is the primary objective of the
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Fig. 75 Focal shift between 20 W and 400 W of beam power for
increasing laser-optic transmission time [406]

@ Springer

monitoring technology [432—435]. The addition of weld mon-
itoring systems can lead to further improvement of overall pro-
cess performance, increased productivity, and cost reduction
[433]. This field is advancing quickly and new technologies
are being introduced continuously [436-439]. Weld monitoring
is performed with optical, thermal, and acoustic sensors, and a
single sensor is often insufficient in providing a complete de-
scription of weld quality [440]. This facilitates the use of mul-
tiple sensors to increase the fidelity of the monitored data. For
example, Zhang et al. used a photodiode, high-speed camera,
and plume spectral analysis sensor in order to establish a multi-
sensor system in conjunction with neural networks for accurate
defect detection [441]. A comprehensive list of commonly used
and investigated weld monitoring systems is provided Table 9,
and details of these systems are discussed in the following
sections.

4.4.1 Inline coherent imaging

Inline coherent imaging (ICI), also known as optical coher-
ence tomography (OCT), is a specialized form of Michelson
interferometry. The system operates by emitting a low power,
narrow-band laser that is directed toward the workpiece. The
reflected, measurement beam allows for detecting changes in
surface height, keyhole penetration, and surface irregularities
[447, 464].

A more detailed description of ICI operation is shown in
Fig. 81. The laser source is directed at a beam splitter that
splits the laser into a reference beam and a measurement
beam of equal intensity [466—470]. The reference beam is
then directed through a fiber to a reference arm with a cal-
ibrated distance, and the measurement beam is sent through
the laser focusing optics and down onto the workpiece.
Light reflected from the surface will then travel back
through the weld head where it is recombined with the ref-
erence beam. The interference pattern created through the
phase shift of waves that travelled different lengths are an-
alyzed via a spectrometer and processed to compute the
distance [445, 471].

Webster et al. [446] showed that ICI is capable of detecting
weld porosity formation through an increase in noise generat-
ed in the graphical output. This is shown in Fig. 82. While
Boley et al. [447, 472] proved that the regions with greater
noise roughly correspond to the locations of porosity, it is
unclear if the plotted points can actually be related to specific
pore locations. This indicates that the ICI system is capable of
detecting porosity and other subsurface defects but may not be
sensitive enough to distinguish pore location.

Boley et al. [447] performed an evaluation of the laser light
deflections inside of the keyhole. They found possibilities for
laser light to deflect and alter reading capabilities. This
allowed for detection of potential keyhole collapse, porosity,
and possibly an uneven keyhole surface.
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Fig. 76 A physical method
developed by Arata to measure
the sharp focus beam position (a)
[410]. Rotary wire probe system
developed by Sanderson and
Adams ¢.1970 (b) [411]

ICT has high temporal and spatial resolution [473], making
it ideal for in-situ three-dimensional monitoring of the weld
keyhole as well as for closed-loop control. A significant com-
ponent of this system is the homodyne detection capability
[474] as shown in Fig. 83. This aspect allows for real-time
control of the weld penetration depth through feedback based
off of the detected signal and a preset maximum depth [469].
Through beam scanning, computation of weld head position
[468], and analysis of the signal-to-noise ratio [445, 476], ICI
has been applied for use in weld seam tracking. This allows
for improved uniformity of the weld seam and greater control
of seam position. The same process has also been used for
improved gap bridging [468] and edge tracking for workpiece
positioning [445]. In order to increase component accuracy in
additive manufacturing processes, ICI is also being utilized to
measure surface roughness [444, 477] and has shown promise
for reducing surface roughness through layer-based parameter
corrections.

Dorsch et al. [468] has shown that ICI is very effective for
monitoring welds in carbon steel and stainless steel alloys.
The use of ICI with copper and aluminum alloys is currently
limited due to keyhole instability [468, 478, 479], and
Schmoeller et al. [478] determined that sensitivity of ICI in
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Faraday cup
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a

aluminum and copper decreases with increasing weld penetra-
tion. A comparison of ICI penetration measurements on dif-
ferent alloys is shown in Fig. 84 [468]. The noise generated
with different alloys may be due to increased fluctuation in
weld pool dynamics. Sudden shifts in the weld morphology
are problematic for ICI systems due to an issue known as
“fringe wash-out,” where the signal-to-noise ratio degrades
significantly due to high speed movement of the interfaces
[446, 480]. Currently, beam oscillation, beam mode control,
and shorter wavelength lasers are being investigated to im-
prove keyhole stability in these highly reflective alloys to
enable the use of ICI [378, 480, 481]. Integration of ICI with
other types of weld monitoring devices remains in its early
stages [438] and further research and development is needed
[446, 464, 477, 482].

4.4.2 Photodiode sensors

A photodiode is a form of semiconductor designed to convert
light into an electrical signal. Depending on the composition
of the photodiode, certain wavelengths of light will be
absorbed for conversion. The generated electrical signal is
then recorded and compared to reference weld characteristics.

Electron Beam
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0

=
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Fig. 77 Electron beam diagnostic device schematics for slit (a) and pinhole (b) type designs [409]
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Fig. 78 Illustration of a Gaussian current distribution scanned over a slit
of width Ax. Figure recreated from Elmer et al. [15]

In weld monitoring, photodiode sensors are used to detect 1)
plume radiation, 2) thermal radiation, and 3) light reflection.
Each of these weld related physical phenomena contain char-
acteristic electromagnetic wavelengths [458]. An example of a
system using each of these types of photodiodes and the re-
spective detectable wavelength is shown in Fig. 85. There are
many different applications for photodiodes in weld monitor-
ing such as in photodiode systems, pyrometers [483], high-
speed cameras [484], and plume analysis systems [485].

In photodiode sensors that measure light reflection, laser
light directed to the workpiece is reflected toward the optics
and collected as backscatter, similar to ICI. According to
Kawahito et al. [486], the electrical signal emitted by the pho-
todiode can be used to determine the state of the keyhole such
as the start of melting and closure. According to Schmidt et al.
[487] light is detected as an optical emission that is recorded as

Table 8 Laser beam diagnostic tools

Diagnostics Sensor Detectable
Tool Waveforms
Power Meter ~ Thermopile (0%
Photodiode Low Power CW
[417, 418]
Pyroelectric CW, P
[418]
Calorimeter CcwW
[106]
Radiation pressure CwW
[419-423]
Beam Profiler Burn paper or Kapton® film [424, CW, P
425]
CCD/CMOS camera CW, P
[426]
Scanning slit/knife edge (0%
2D scanning pinhole (0%
[426, 427]

* CW = continuous wave and P = pulsed
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time versus amplitude or frequency as shown in Fig. 86. From
the amplitude versus time or frequency outputs, weld defects
and weld pool capillary motion can be detected. It is reported
that defects cause large shifts in amplitude that last relatively
long periods of time; while, capillary movements appear as
sharp peaks with a short duration [487]. Defects associated
with incorrect beam power, joint contamination, and joint
gap have been detected with UV-IR photodiode sensor sys-
tems [488].

Thermal radiation photodiode sensors detect differences in
the amount of heat based on the amount of infrared light
emission [489]. Shifts in the state of the temperature will then
be detected by the IR photodiode (generally 750—1700 nm
light) and represented as a change in signal intensity. In a
system developed by Kawahito et al. [486, 490, 491], infrared
photodiode sensors were applied for micro welding applica-
tions on aluminum and titanium. Kawahito et al. [486, 490,
491] found a close correlation between weld pool diameter
and penetration depth to infrared radiation. However, the pho-
todiode system could only accurately measure the surface
condition, and subsurface monitoring was not possible
[486]. Porosity, spatter, humping, blowout, underfill, keyhole
collapse, and molten ejections are examples of defect types
reported being detectable with infrared photodiodes [457, 461,
492].

Low cost is a major benefit to the use of photodiodes for
process monitoring [493], and the applicability of photodiodes
to any laser welding process including laser AM [494] has
permitted exploration into the use of photodiodes for multi-
sensor systems [493, 495-498]. However, depending on the
application and type of photodiode, sensor sensitivity can be
low and a clear signal may not be visible [497, 499, 500]. The
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Fig. 79 Schematic of radiation pressure power meter (RPPM) for mea-
surement of laser power in real-time [422]



Weld World (2021) 65:1235-1306

1287

Fig. 80 Schematic cross-section of the rotary pinhole device [426]

correlations drawn by Kawabhito et al. [490, 497, 501] to weld
pool width and penetration depth are only valid for a fixed
laser power, and changes to laser power cause the relation-
ships to fail. According to Norman et al. [502] oxidation on
the weld surface can also impact the signal of the photodiode
due to changes in emissivity.

Future work involving the use of photodiodes for weld
monitoring will require integration with other monitoring sys-
tems and neural networks. Such integration will result in high
fidelity weld monitoring capable of providing full feedback
control and machine learning processes [441, 493, 496].

Table 9  Real-time weld monitoring systems

4.4.3 Pyrometers

A pyrometer detects changes in heat or infrared radiation emit-
ted on its surface through an electrical signal. The intensity of
the heat detected by the pyrometer is then correlated to the
condition of the weld, and significant changes in the state of
the temperature can indicate the presence of a weld defect.
There are different types of pyrometers that have been used
for welding, including optical pyrometers and infrared photo-
diode pyrometers. The infrared photodiode pyrometers, in
which the photodiode acts as the primary sensor, are the most
commonly used [483, 503—-507]. Pyrometers can be integrated
in many different ways, namely coaxially, weld head
mounted, or side mounted [503—507]. When operating a py-
rometer coaxially, the sensitivity and accuracy of the system
will decrease [505]. This is due to interference caused by
heating of the various optical components located within the
weld head. In addition, Doubenskaia et al. [SO8] notes that
pyrometers have a low signal-to-noise ratio, requiring multi-
ple measurements for accurate results.

Since pyrometers are sensitive to the emission of heat ra-
diation from the workpiece during welding, weld metal thick-
ness plays a role in the ability of the system to detect changes
in temperature. For detectability, thin metals require small
temperature changes (<5°C), while thicker metals require
larger changes (=10°C) [505]. The defects that pyrometers
are capable of detecting include porosity, lack of fusion, weld
disruptions, humping, and improper joint fit-up [504-506,
509]. Forien et al. [504] found that by relating the change in

Detectable Defects

Monitoring Method Sampling Frequency (Hz)
Optical Coherence Tomography (OCT) * 70k — 250k

« Interferometer [442, 443]

High Speed Imaging * 100 — 2,100k

* Charged Couple Device (CCD) camera [448, 449]

» Complementary Metal Oxide
Semiconductor
(CMOS) camera

Photodiode Sensor
« Light sensitive semiconductor

Acoustic Emission
* Sound transducer
* Microphone

*Note: at max sampling rate
resolution is 128x8 pixels
[449]

« 0.1 — 1000k
[455, 456]

« 48k — 4M
[438, 459]

* Joint Mismatch [443]

* Lack of Penetration [443]

* Excessive Penetration [443]

* Underfill [443]

* Blowouts [443]

» Lack of Fusion [439]

* Weld Disruption [439]

* Spatter [450, 451]

* Weld Seam Deviation [452],
[453]

* Surface Porosity [454]

« Joint Mismatch [455]

» Excessive Penetration [455]

* Spatter [455]

* Porosity [456]

* Weld Disruption [456]

* Cracking [438, 460]

* Spatter [461]

* Humping [461]

* Underfill [461]

* Spatter [444]
* Weld Seam Deviation [445]
* Porosity [446, 447]

* Blowout [433]
* Humping [433]
* Underfill [433]
* Undercut [433]

* Weld Seam Deviation [456]
* Lack of Penetration [457]
* Humping [458]

* Lack of Penetration [462,
463]
Porosity [528]

*Note: Defects listed in this table represent those that have been investigated in the literature using the indicated monitoring method. It does not imply
that each of these defects will be detectable in all situations or that simultaneous detection is possible.
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Fig. 81 Schematic of an inline coherent imaging (ICI) or optical comput-
ed tomography system recreated from Ji et al. [465]

Telecentric

rate of the signal response from a pyrometer with an increase
in normalized enthalpy, a close relationship to pore formation
can be developed. From this, a probability curve was devel-
oped, and this curve can aid in quantifying the number of weld
related defects.

While Xiao et al. [S06] determined that a correlation be-
tween porosity and subsurface defects could not be drawn,
surface geometric defects were readily detectable. An example
of this is shown in Fig. 87. A matrix of photodiode based
pyrometers have also been used to develop two-dimensional
“maps” of the weld pool that will allow for greater defect
monitoring [483, 503]. A pyrometer similar to this was devel-
oped by Kohler et al. [510] using photodiodes. An infrared
photodiode pyrometer has also been used to monitor electron
beam welds [483, 511]; however, measurements were cap-
tured from outside the vacuum chamber.

4.4.4 High-speed imaging

With high speed image processing capabilities, it is possible to
perform in-situ monitoring [453]. Generally, high-speed im-
aging camera systems use either a charge-coupled device
(CCD) or complementary metal oxide semiconductor
(CMOS). Although less common, InGaAs cameras can be

Fig. 82 Graphical overlay of ICI 0.5
output on the respective
longitudinal weld cross-section
containing porosity [446]

Depth (mm)

0 0.05
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cific wavelengths emitted from the weld [451, 487, 512]. For
some systems, the use of a separate illumination source, often
a laser diode directed toward the camera, is used to illuminate
the weld for capturing specific features.

Vapor plume analysis is commonly performed with high
speed imaging [513]. Light emitted by the plume is analyzed
for variation in intensity or brightness called vapor plume
“bursts” or brightness peaks [514]. It was found that the du-
ration of a brightness peak has a strong relationship with key-
hole formation. Additionally, the period between peaks can be
related to the oscillation of the keyhole, indicating keyhole
stability. Brightness peaks seen in CCD camera images may
also relate to temperature spikes caused by the topology of the
molten surface [514]. The ability to detect or discern changes
in the vapor plume is dependent on the material and monitor-
ing systems in use [513]. Measuring spatter generation [515],
geometry, and volume is a common application for infrared
imaging that often coincides with weld plume monitoring.
Monitoring spatter generation and the vapor plume simulta-
neously aids in understanding plume instability. An example
of plume and spatter analysis is shown in Fig. 88.

Infrared cameras mounted coaxially with optics can map heat
input into the workpiece [439, 453, 516] as shown in Fig. 89.
Thermal distribution of the weld pool can be related to seam
position and allow for seam tracking [452, 453]. Therefore, ac-
tive weld seam tracking with an IR camera can reduce seam
mistracking [454, 517]. In these setups, other sensors are “fused”’
to the camera to provide different analysis or views. Dorsch et al.
[439, 517] integrated different bandwidth NIR high speed cam-
eras. By pairing the two cameras together, weld metal emissivity
and grey body issues were eliminated.

A drawback for widespread use of high-speed imaging sys-
tems is the high cost of equipment [433] and the necessity for
extensive filtering to monitor specific events. High-speed cam-
eras are also direct imaging devices and require a clear visual
path of the analysis region [518]. Sampling speed and resolution
for cameras is another issue, as they are inversely related.
Investigations with high-speed cameras involving the use of
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Fig. 83 ICI raw data (top), Homodyne filtered data (bottom) [469, 475]

sensor integration, feedback control, and neural network systems
have recently been studied by various investigators including
Haubold and Zah [450], Zhang et al. [441, 493], and Liu et al.
[496].

4.4.5 Acoustic emission

Acoustic emission (AE) is a form of weld monitoring that
involves the use of a direct contact sound transducer (10
kHz—1 MHz) [519-522] or a microphone (20 Hz-20 kHz)
[461, 521, 523] to detect acoustic emissions emitted by the
welding process [521, 523]. The detected wave is converted
to an electronic signal for further processing and analysis.
Under defect free steady-state conditions, the amplitude
will sustain a specific range [461, 520]. Fluctuations out-
side the steady-state regime are then indicative of process
deviations. An example of a direct contact transducer sys-
tem is shown in Fig. 90.

Fig.84 Comparison of ICI output
for various alloys [468]

AE signals often suffer from extraneous acoustic “noise” that
requires signal processing to analyze the actual weld data. One
method to reduce the noise is the root mean square (RMS) ap-
proach, which averages the signal [521]. Using the RMS of the
AE signal, Yi Luo et al. [520] showed a relationship between
pulsed laser welding plasma and the acoustic waveform. More
complex noise filtering methods involve the use of classi-
fication systems and neural networks such as singular value
decomposition (SVD) [524] or independent component
analysis (ICA) [525]. Shevchik et al. [526] found that de-
fects such as porosity, blowout, keyhole instability, and
lack of penetration can be identified using a convolution
neural network (CNN), and Farson et al. [523] showed a
detectable difference between full and partial penetration
welds.

AE monitoring has been performed for a number of appli-
cations ranging from laser AM to electron beam welding [460,
462, 527]. Applications such as EBW require direct component
contact as the lack of atmosphere prevents propagation of sound
waves through space [527]. In the EB application, it was found
that the acoustic response signal was a product of either expul-
sion or violent movement of molten weld metal. Other AE
sensors utilize lasers to measure ultrasonic vibrations [436],
and microphones called “optical microphones” are employed
in analysis of high-frequency AE monitoring [438]. These sys-
tems have been paired with other sensor systems for increased
defect detection accuracy. [438, 461, 495, 523, 528]

A major limitation of AE monitoring is the propensity for
sensor interference from other sources or, as noted above,
extraneous “noise.” As a consequence, AE is not suited for
real-time monitoring in most manufacturing environments
[433]. Also, weld parameters cause variations in the sensor
sensitivity [519], and transmission of energy by sound is not
instantaneous. Therefore, to prevent a lag in system response,
it is necessary to consider and minimize the distance between
the sensor and the weld. Future advancements for AE moni-
toring will involve continued development of classification
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Fig. 85 Photodiode system using a plume radiation sensor (P), thermal radiation sensor (T), and reflected light sensor (R) for detecting different

wavebands [457]

and neural network systems as well as an expansion of inte-
grated, multi-component sensor systems [438, 495, 526].

4.4.6 Plume analysis

The vaporization events occurring in HED welding have
led to process analysis that considers the evaporating con-
stituents exiting the vapor capillary. At a minimum, it is
believed that the metal vaporized in deep penetration
welding becomes a weakly-ionized gas within, above, and
around the keyhole [513, 514]. This plume aids in relating
the transition from the conduction to the keyhole mode,
since the conduction mode generates minimal amounts of
plume due to limited weld metal vaporization [529].
Therefore, plume fluctuations can be related to keyhole
instabilities. There are several methods used for plume
monitoring including: plume spectral analysis (optical

25 . R
2 —— optical emissions
by  e—
e A H::Tr2
"6 du,
L E
310 H
£ a1 N
5;0.5— L&
00 T T T T T T 1
1460 1480 1500 ms 1540
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spectroscopy), vapor charge sensing, high speed imaging,
and plume radiation analysis. Some of these methods have
been previously discussed as their own monitoring tech-
nique. Only plume spectral analysis and vapor charge sens-
ing will be described in this section.

Spectral analysis For plume spectral analysis, the light radia-
tion from the plume is analyzed using a spectrometer to dis-
associate the wavelength information [485]. By using the
Boltzmann method, the electron temperature of the vapor
plume can be determined from the spectral response data
based on the emission intensity of specific chemical species
[530-533]. Changes in the signal intensity can be directly
related to changes in the electron temperature. An example
illustrating the chemical species over a range of wavelengths
is shown in Fig. 91a, and b shows the electron temperature for
the plume constituents of Cr, Fe, and Mn. Electron
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Fig. 86 Amplitude vs. time plot (a) and frequency vs. time plot (b) showing the effect of weld defects on signal intensity from a refletced light

photodiode sensor [487]
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temperatures showed a correlation between temperature drops ~ forms depending on the chemical element. Based on this,
and defect formation, such as spatter generation [535, 536]. Ancona et al. [530] found that if the outer plume regions were

Additionally, Ancona et al. [530] determined that the vapor  iron-rich, the plume was less responsive to weld pool fluctu-
plume is comprised of a core region and outer region that  ations. It was also reported that changes to power and

(@

Fig. 88 Infrared images of the weld vapor plume and spatter at different welding speeds: 3 mm/min (b), 5 mm/min (c), 7 mm/min (d), and 9 mm/min (e)
[451]
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Fig. 89 Infrared map of the molten pool captured from above the weld
seam with a high speed CMOS camera sensitive to near-IR light [453]

shielding gas flow rates, lack of penetration, porosity, crater
formation, and uneven welding surfaces are detectable.

Using this approach, the penetration depth and weld seam
geometry can only be inferred through the correlation of the
electron temperature and the laser power. Any penetration
measurements recorded through plume analysis only accounts
for the chemical change above the weld as opposed to the
physical characteristics (i.e., weld penetration, seam width,
etc.). This was corroborated by Kong et al. [535], where they
concluded that the relationship of weld penetration to the elec-
tron temperature is negligible. However, Sibillano et al. [532],
found that changes in the weld penetration proportionally re-
late to changes in electron temperature.

Vapor charge Another form of weld plume monitoring in-
volves detecting a charge generated by the vapor phase and
relating this detected charge to vapor temperature. A copper
probe inserted between the weld head and the workpiece cre-
ates the circuit in contact with the plume, and the charge pro-
duced by the plume generates the voltage for analysis [537,

Fig. 90 Schematic of a surface
contact acoustic emission system
[520]
Data collecting card

Signal conditioner a

Preamplifier
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538]. A schematic of this configuration is shown in Fig. 92.
The mean voltage from the vapor charge sensor was found to
be a direct measure of the weld penetration depth. Large volt-
age drops from the sensor indicate that the keyhole has col-
lapsed, a failure often associated with porosity and other major
weld defects [540]. An unstable signal delivered by the sensor
can be associated with fluctuations in the weld plume. This
can indicate excessive heating of the workpiece and melt-
through defects. Other detectable irregularities include
humping, cratering, beam position shifts, and mistracking
[539, 540]. Mistracking is measured by increases and de-
creases in the voltage differential, as shown in Fig. 93.
Vapor charge sensors have also been used in electron beam
welding by detecting the weak electrical signal produced by
the plume. The vapor produced by the electron beam was used
to monitor the weld quality and keyhole shape [541].

For effectiveness, plume analysis generally requires high
volumes of ionized vapor produced during the welding pro-
cess. Kawahito et al. [351] and Sibillano et al. [532] found that
increasing the power density of CW fiber lasers will allow for
weak ionization of the weld vapor plume and greater plume
stability. However, plume absorption of the laser beam can
reduce the power coupling to the workpiece and cause peri-
odic plume formation [513]. Research into the use of plume
spectrometry and charge sensing for feedback control is on-
going [540, 542, 543]. At the time of this writing, there is no
commercially available plume spectrometer or charge sensor
that can be effectively used for monitoring purposes.

4.5 Feedback control

Most of the weld monitoring technologies mentioned here
have been incorporated into feedback control systems in some
capacity. ICI has been integrated with feedback systems to
provide penetration depth control in partial penetration welds
[474]. This system can adjust the laser parameters in real-time
to ensure the weld penetration does not exceed a
predetermined value. ICI has been successful in real-time
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Fig. 91 Plume spectral intensity of chemical species (left) [534]. Electron temperature as a function of position using a Boltzmann method conversion

(right) [530]

weld seam and weld profile tracking by preventing deviations
from process requirements [445].

A photodiode feedback control system developed by
Kawahito et al. [486] combines the use of infrared radiation
and the light reflected off of the workpiece to reduce the quan-
tity of spatter and porosity created during the welding process
[490, 491]. Controlling the laser power ramp rate was
established to increase the amount of time for entrapped gas
to escape the weld in order to reduce porosity and underfill
[490, 500]. Continuous adjustment of the laser power by the
control system improved the weld bead surface geometry. Ina
P-LBW system, feedback control also permitted the active
adjustment of the pulse shape [486, 490]. Kawahito et al.
[486] was also able to repair welds containing lack of fusion
defects through the use of a closed-loop feedback control.

Examples of systems to analyze weld data in real-time are
found for the following weld monitoring devices: acoustic
emission [462, 495, 519, 525, 526, 528, 544], photodiode
[441, 493], plume spectroscopy [496], and vapor charge
[540, 543]. While most of these publications contain extensive
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Fig. 92 Schematic of a weld head mounted vapor charge probe [539]

data analysis, there are limited examples of the use of neural
networks with an adaptive control system in an applied setting
[495]. As feedback control and machine learning are the goal
of real-time weld monitoring, additional research into the use
of weld monitoring devices with neural networks and classi-
fication systems is necessary.

5 Summary and outlook

The fundamental nature and application of laser beam and
electron beam welding processes have been reviewed here.
Although both welding technologies are considered reason-
ably mature, continued research and development will allow
expanded application and new opportunities. The extensive
use of high-energy density beams for additive manufacturing
is an example of such an opportunity. The beam processes are
unique in that they are extremely flexible, allowing for both
deep penetration “keyhole” welding and shallow to interme-
diate penetration in a conduction heat transfer mode. This
flexibility accommodates the manufacturing of large-scale
ship panels, and small-scale medical devices often with weld

D D D

Beam
position
e—-

Differential
PCS voltage|

Beam

pOSidon @ @
—_—

Differential -~

PCS voltage TWW W

Fig. 93 Example of weld mistracking using a vapor charge sensor [539]
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qualities that are unmatched by competing processes. These
processes can also provide advantages over standard arc
welding when reduced overall heat input is required to control
metallurgical properties, to enable dissimilar welding, or to
minimize residual stress and distortion.

Much of the current research involving these processes
concerns weld monitoring and control. The unique character-
istics of the processes that lead to metal vaporization, keyhole
formation, and vapor “plumes” provide challenges with re-
spect to in-situ control. Advances in sensor technology and
signal processing software over the past 20 years have allowed
major advances in the development of more effective control
algorithms, but many challenges still exist today. An example
of a current challenge in additive manufacturing is the limited
characterization of the beam within the work envelope, which
results in an uncontrolled process and inconsistent builds
across the build area or between different machines. Current
research efforts are focused on understanding the change in
beam properties across the build area or different machines
and incorporating in-situ monitoring to provide the level of
process control required for future advancements.

This review is intended to provide the reader with the his-
tory, background, and current state-of-the art and establish a
basis for future advancements in the use of high-energy den-
sity beam technology in welding and advanced manufactur-
ing. The extensive list of references will also allow the reader
to pursue the topics discussed in much greater detail with
respect to specific materials and applications.

List of terms  AE, acoustic emission; AM, additive manufacturing; BPP,
beam parameter product; CAD, computer-aided design; CCD, charge-
coupled device; CMOS, complementary metal oxide semiconductors;
CNC, computer numerical control; CW, continuous wave; DED, direct
energy deposition; DSS, duplex stainless steel; EBW, electron beam
welding; EMFC, enhanced modified Faraday cup; FWHM, full width at
half maximum (beam size measurement); FZ, fusion zone; HAZ, heat-
affected zone; HED, high-energy density; HLAW, hybrid laser-arc
welding; ICI, inline coherent imaging; LASER, light amplification by
stimulated emission of radiation; LBW, laser beam welding; LED,
light-emitting diode; LENS™, Laser-engineered net shaping; LPBF, laser
powder bed fusion; MASER, microwave amplification by stimulated
emission of radiation; NDE, nondestructive evaluation; Nd:YAG, neo-
dymium doped yttrium aluminum garnet; OCT, optical coherence tomog-
raphy; PBF, powder bed fusion; P-LBW, pulsed laser beam welding;
RPPM, radiation pressure power meter; TEM, transverse electromagnetic
modes; YAG, yttrium aluminum garnet
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