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HIGH ENERGY DENSITY BEAM WELDING refers to electron or laser processes where a
beam of electrons or photons, respectively, can be focused to power densities high enough to
melt and vaporize the metals being joined. The high power densities and associated metal
vaporization can be used to produce welds with high depth-to-width aspect ratios, small heat
affected zones, and reduced distortion. In certain applications, high energy density beam welds
can offer both high quality and cost effectiveness when compared to other welding methods.
Although there are many similarities between electron and laser welding techniques, there are
also many significant differences. This article provides a brief history of electron and laser beam
welding, discusses the properties of electrons and photons used for welding, and contrasts
electron and laser beam welding by way of an introduction to the sections that follow where each
process is described separately. In addition, a section is included on the growing field of
microjoining with electron and laser beams, which is becoming more important as
miniaturization of components continues and microelectromechanical systems show great
promise in the near future.

A Brief History of Electron Beams and Laser Beams used for Welding

The development of electron beams used for welding began in Europe in the mid to late 1950’s.
In Germany around 1958, scientist Karl-Heinz Steigerwald was conducting experiments on a
transmission electron microscope and observed melting of the small samples as the beam current
was increased [1, 2]. About the same time in France, Dr. Jacques-Andre Stohr was looking to
weld reactive materials with x-ray tube systems, and began developing electron beam welding
through work carried out by the Commissariat Energie Atomique (CEA) [3-5]. At the time, the
science behind the production, acceleration, and focusing of electron beams in vacuum was well
understood, so it was a relatively straightforward process to design and build systems large
enough for welding practical materials once these initial ideas had germinated. The introduction
of electron beam welding to manufacturing technology is important enough that one of the
earliest electron beam welding machines from Steigerwald has been preserved and is on public
display at the Deutsches Museum of Technology in Munich, Germany. By the early 1960’s high
voltage (125-150 kV) electron beam welding systems were being fabricated and sold by the Carl
Zeiss Company in cooperation with Hamilton Standard, a division of United Technologies
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Corporation, and low voltage (15-60kV) systems by Sciaky SA through license agreement with
CEA which extended to Sciaky Bros. in the U.S.A. [3]. These early machines were fabricated
mostly for laboratory and limited commercial use. By the 1970’s electron beams became the
welding method of choice for high quality precision welds. The driving force for new
developments during this time came mainly from the nuclear and aerospace industries where
5kW to 100kW systems were developed for deep penetration welding [2, 6]. High voltage
systems, 150-200kV, were developed to operate at less than 100mA of beam current while low
voltage systems, 30-60kV, were developed to operate at higher beam currents of up to 1 A, with
powers exceeding 50kW. The largest and most powerful electron beam welder to date was
developed in Japan, reaching 300 kW at 600kV and was able to penetrate up to 12 inches of steel
[7,8].

Both high and low voltage electron beam welding systems were later integrated with computer
numerical control (CNC) systems using both fixed and movable head electron beam welding
guns in the 1970’s and 1980’s to access greater commercial applications. Other advances in
electron beam welding technology included out-of-vacuum welding systems, seam tracking, and
beam rastering, which spurred new applications for heat treating, drilling, cutting and cladding.
Today, electron beam welding is the method of choice for larger components that require welds
to be made in vacuum, such as with reactive materials and hermetic vacuum sealing, and for
welds with penetrations greater than about 12 mm. Electron beam welding continues to evolve
through the development of new applications, such as free form fabrication with wire or powder
filler metals [9] and rapid deflection optics to scan the beam in a way to allow a part to be
simultaneously heat treated and welded with one beam, or allow multiple welds to be made using
one beam [10, 11]. In addition, electron beam diagnostics are being continually improved to
provide a greater measure of quality control for electron beams that was not available in the past
[12-14]. These diagnostics are on par with diagnostics used for measuring power density
distributions in continuous wave laser beams, and allow the two processes to be quantitatively
compared. The number of electron beam welders appears to be approaching a steady state value,
where a rough estimated number of installed electron beam welders in the world are on the order
of 2,000 [3], which is approximately one-half the number of installed kW level high power lasers
used for welding [15].

While electron beam welding was being developed in the late 1950’s and early 1960’s for
commercial applications, lasers were being invented and discovered in research laboratories in
the United States. Many good articles exist on the early development of “lasers”, the term first
given to represent Light Amplification by Stimulated Emission of Radiation by Gould in 1959
[16], so only a short introduction will be provided here. The invention of the laser can be traced
to the pioneering work performed by A. L. Schawlow and C. H. Townes at Bell Laboratories for
their work on infrared masers in 1958 [17]. The first working laser, which was a solid-state
flash-lamp pumped synthetic ruby crystal laser that operated in a pulsed mode at 0.694um
wavelength, was developed in 1960 by Theodore Maiman at Hughes Research Laboratories [16].
Shortly afterward, gas lasers based on helium and neon, were developed at Bell Labs and were
capable of being scaled to high powers due to easier heat management of the gas lasing medium
[16]. In 1962, semiconducting laser diodes were also developed at Bell Labs, further
demonstrating the wide range of mediums capable of generating laser light [16].
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Early lasers were not much more than laboratory curiosities, and it took more than a decade for
their real commercial potential to be developed in consumer products such as barcode scanners,
compact disk players, laser pointers, laser printers, and materials processing applications. The
majority of lasers used for welding today are either yttrium aluminum garnet (YAG) crystal solid
state lasers doped with Nd or Yb or CO, gas lasers. However, direct diode lasers are now
commercially available with high enough beam quality at high powers to be used for welding
and other materials applications [18]. Nd:YAG and CO; lasers were both developed at Bell
Laboratories in 1964, and although both operate in the infrared wavelength range, they have
wavelengths that are an order of magnitude apart: 1,060 nm for Nd:YAG and10,600 nm for CO..
This difference in wavelength results in different interactions with materials, and requires
different types of optics and laser delivery systems to be used for each. These differences, and
the ease at which gas lasers were scaled up in the early years, led to CO, laser dominance of high
power laser applications, oftentimes competing with electron beams, while solid-state YAG
lasers were used primarily for precision and low power applications. By the early 1970’s, CO,
lasers had reached the 20kW level, while flash lamp pumped Nd:YAG laser were limited to only
400W [19, 20]. Today, diode pumped Nd:YAG lasers are available with powers up to 4 kW, and
direct diode lasers are available with powers up to 10 kW. CO; lasers dominate the gas laser
market and are commonly used for welding and cutting with powers as high as 45kW [21].

New generation high brightness lasers are being developed with ever increasing powers Disc
lasers are now commercially available with powers up to 16 kW, and fiber lasers are available
with powers up to 50 kW for military and commercial applications, with 200kW powers planned
for the near future [22]. Note that the term “brightness” will be used in this article as a
descriptive term to refer to the quality of the laser beam, where higher brightness refers to higher
quality beams. These new generation lasers use lasing media that are thin in at least one
dimension so that heat can be removed from them efficiently. With less heating of the lasing
media higher quality, higher brightness, beams are produced. In the case of disc lasers, the
lasing crystal is a thin disk measuring only about 10 mm diameter and less than 1 mm thick. In
the case of fiber lasers the active lasing media is a long thin fiber only 10 micron diameter.

High laser powers are now available from many suppliers, and after the overall power level for
an application is established, the quality of the beam becomes the next important consideration.
The quality of the beam affects how well the laser can be focused and delivered, and there are
different ways to measure beam quality. One common measure of laser beam quality is the
beam parameter product (BPP), which represents how tightly the beam can be focused under a
limited divergence condition. BPP will be discussed in more detail later, but is used in Figure 1
to compare the beam quality of different types of lasers as a function of beam power up to their
respective maximum powers. Lower BPPs refer to more tightly focused and less divergent
beams, and are desired for precise cutting, deep keyhole welding, and long focal length
conditions. Diode lasers have the largest BPPs, which makes them most attractive for lower
power density applications where larger beam diameters and lower power densities are desired.
Their high powers combined with large BPPs make them also very useful for non-welding
applications such as large area heat treating and cladding. Diode and flash lamp pumped
Nd:YAG rod lasers are available from many sources with BPPs between 10-20 mm-mrad at the
4 KW level. These lasers, along with CO; lasers have lower BPPs than diode lasers, and
dominated the laser welding and cutting market until solid state disc and fiber lasers became
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commercially available. Disc lasers currently have BPPs on the order of 8 mm-mrad at the 8kW
level, while single mode (SM) fiber lasers are now available with powers up to 10kW and BPPs
at the limit of diffraction for 1060 nm beams of 0.37 mm-mrad. CO, lasers below 10 kW can
have similar diffraction limited beam quality, but have BPPs approximately10x as large as fiber
lasers due to their longer wavelength. At power levels higher than 10kW, CO, (up to 45kW) and
fiber (up to 50kW), the BPP increases to the 6-8 mm-mrad range as less perfect multi-mode
(MM) beams are required to generate these powers.
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Figure 1: Beam parameter product (BPP) plotted versus laser power up to the highest
commercially available power levels for six different types of lasers. SM and MM refer to
single-mode and multi-mode fiber lasers respectively. The estimated BPP range for electron
beams is shown for comparison.

While the quality of laser beams is typically measured using the BPP, electron beam technology
has not traditionally used the same convention, making it difficult to compare the two processes
directly. However, estimates of electron beam quality can be made using diagnostic
measurements of the beam’s power density distribution [23], and approximations of the beam
divergence. Recent measurements of electron beams have been performed to determine the BPP
of KW level electron beams, showing BPP values between 0.75 and 1.3 mm-mrad [11, 24, 25].
This range is plotted in Fig. 1 for comparison with lasers, indicating that an equivalent BPP for
electron beams is smaller than that of CO, lasers, but larger than that of solid state single mode
lasers. Additional work needs to be done to characterize electron beam quality using advanced
diagnostics to determine the influence of operating voltage, cathode size and shape and electron
gun design on beam quality. However, it is clear that the recent increase in the quality and
power of solid-state lasers has resulted in a large overlap of welding capabilities between CO,
lasers, solid state lasers, and electron beams, providing users with many options when selecting
high energy density beam welding processes.
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The Properties of Electron and Laser Beams
Electron Beams

Electron beams are composed of electrons which are charged particles that have a rest mass (m)
of 9.1x10"* kg and can be accelerated in electron guns to relativistic velocities giving them high
kinetic energies. At 10kV, electrons travel at approximately 20% of the speed of light while at
200KV they travel at approximately 70% the speed of light [2, 26]. The kinetic energy is the
source of heat used for welding as the electrons in the beam rapidly slow down and deposit their
energy into the substrate. The depth that the electrons penetrate into a substrate depends on the
energy of the electron and the properties of material being welded, and most importantly is
inversely related to the atomic number, Z. The penetration depth is often calculated using Carlo
methods to account for multiple atomic collisions as the electrons continuously slow down [27].
These calculations indicate that 150 kV electrons penetrate 10-100 um in metals [26], thus the
majority of the electron’s energy is deposited in a rather thin surface layer. Electrons, being
charged particles, interact with all types of matter which places restrictions on how they are
focused and delivered to the parts being welded. Unlike lasers, electron beam focusing is
performed using magnetic lenses that do not function to the same degree of precision as optics
for lasers. However, this magnetic lens property does allow for dynamic adjustments of beam
deflection and focus through computer control. Caution should also be used when working with
magnetic and ferromagnetic materials and weld tooling so that the beam does not inappropriately
deflect from the intended target. In addition, electron beams interact with gas molecules to the
extent that a 100 kV beam will lose 90% of its energy after propagating through only 18 inches
of air [26]. Electron beam welding is therefore most typically performed under medium-to-high
vacuum conditions of 10 to 10°® torr in large vacuum chambers to accommodate the welding of
large structures [2, 6, 7]. This vacuum environment is advantageous for welding materials that
are reactive or refractory, or require low levels of atmospheric contaminants. On occasion,
electron beam welding is performed under non-vacuum conditions, but the beam must be kept
very close to the surface of the part. Although the depth of the weld is significantly reduced
compared to vacuum welding, numerous applications, particularly in the automotive industry, are
found for out of vacuum electron beam welding [6, 28].

After electrons strike the substrate, they primarily lose their energy through elastic and inelastic
scattering with atoms, causing the electrons to slow down as they deposit their energy into the
material being welded [26, 27]. In the process of slowing down, the electrons produce a
spectrum of electromagnetic waves, particularly X-rays, which present a health and safety hazard
that requires adequate shielding to protect the operator. Some of the electrons are backscattered
from the surface, resulting in energy that is not deposited into the substrate. The fraction of
backscattered electrons increases with atomic number, from about 0.1 for low Z materials like
aluminum, to nearly 0.5 for high Z materials such as tantalum [2]. Electrons can also be treated
as waves, instead of charged particles, according to the de Broglie equation A=h/p, where A is the
wavelength of the electron, h is Planck’s constant, and p is the electron’s momentum (mV) [29].
Using this relationship and the relativistic velocity of the electrons to account for their increased
mass at these speeds [29], the wavelength of electrons used for welding are smaller than atomic
dimensions, ranging between A=0.0123 nm at 10 kV and 2=0.0025 nm at 200 kV [29]. These
wavelengths are significantly less than photons used for laser welding, and this difference
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represents a fundamental difference between how electron and laser beams interact with
materials.

Laser Beams

Lasers are devices that emit light (photons), typically in a narrow wavelength range
(monochromatic) that is spatially coherent (in phase). These properties allow lasers to be
focused to much higher power densities than would be possible from incoherent multispectral
light sources, giving lasers the ability to be used for a wide variety of materials processing
applications such as welding, cutting, drilling and micromachining. Laser beams can be
transported through air or inert gasses and thus do not require the large vacuum chambers used
for electron beam welding, which opens up host of possibilities not readily accessible to electron
beams. One of the most fundamental properties of laser beams is wavelength, which can vary
from the ultraviolet to the visible and the near and far infrared regions of the electromagnetic
spectrum. However, the majority of lasers used for welding have wavelengths close to either
A=1060 nm (solid state lasers) or 1=10,600 nm (CO- lasers), representing a factor of 10° to 10°
longer wavelengths than electron beams used for welding.

The minimum spot size of focused laser beams, and electron beams, operating under ideal
conditions is ultimately limited by diffraction [29, 30]. The minimum or diffraction limited spot
size for an ideal beam is given by dmin=2.44A(f/X;), wWhere dni, is the smallest spot size of the
laser beam, f is the focal length of the lens, and x. is the coherence length of the beam taken to be
the collimated beam diameter [30]. Since the smallest diameter spot is directly related to the
wavelength of the beam, A, smaller wavelength electron beams can in principal be focused to
many orders of magnitude smaller spot sizes than laser beams. However, the combination of the
large size of the cathodes that emit the electrons, the comparatively poor quality of electron
optics used for welding, and the mutual repulsion of electrons (space charge effect), prevents
high power electron beams used in welding from being focused to their diffraction limit. In fact,
the sharpest focus conditions for most electron beam welders produce spot diameters on the
order of 200 um [12-14]. On the other hand, high power laser beams that can be focused to
diameters less than 100 um for solid state lasers with small f-number (ratio of focal length of
lens to collimated beam diameter) optics [30]. High power CO; lasers, because of their longer
wavelength, are at a disadvantage compared to solid state lasers. However, their ability to
produce Gaussian-like TEMg, modes with low M? values at powers approaching 10kW enables
CO; lasers to maintain low BPPs and produce smaller spot sizes at high powers than Nd:YAG
lasers, and similar spot sizes to fiber lasers at the 10kW level.

Characterization and definition of laser beam propagation is important in order to compare
different lasers and different optical configurations. This subject is discussed in many references
and is detailed in ISO Standard 11146 [31]. A schematic drawing of the propagation of a laser
beam is shown in Fig. 2, which illustrates several important beam characteristics. As the beam is
focused, the circular cross section, defined by either the second moment, or 86% width [31],
decreases in size as it converges to the waist of the beam where the sharpest spot occurs. The
beam radius as a function of Z-axis position, R(Z), reaches a minimum radius, R,, at the beam
waist. The Rayleigh Length, Zg,, is the Z-axis distance above or below the minimum beam
radius where the radius at that point, Rg., increases by a factor of square root of 2 and the area of
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the beam is doubled. The beam diverges at a half angle of 0 in the far field, with the full beam
angle of ®=20. The beam parameter product, BPP, is defined as the product of the half-width
(beam radius) at the beam’s cross-over location and the beam divergence angle (BPP=6*Ro) and
has units of mm-mrad [31, 32]. Note that the half-divergence angle, 6, is used and not the full
divergence angle for this calculation. The BPP is often used as a measure for comparing the
quality of different lasers beams, and is a fundamental property of the beam and is not affected
by the configuration of the output optics. Another common measure of the beam quality is M?,
which is a dimensionless number defined as the ratio of the true BPP to the ideal BPP for a
perfect Gaussian beam, and indicates how far the beam is from an ideal, diffraction limited,
beam. Alternatively K , which is defined as the reciprocal of M? (K=1/M?) is used as yet one
more measure of beam quality as a matter of convenience. These definitions, and more details of
beam quality, can be found in standard laser beam texts or beam quality references [31].

Figure 2: Hlustration of the propagation of a focused laser beam as the beam radius, R(z), varies
along the Z axis. The beam parameter produce (BPP) is a fundamental property of the beam, and
is a useful way to compare different laser beams.

Solid state lasers operating at or near 1 um wavelength have rapidly evolved over the past
decade from flash lamp pumped and diode pumped rods, to disk, fiber, and direct diode lasers
used for materials processing. These advances in technology have created commercial products
with a wide variety of beam qualities and power levels, which are finding applications from low
brightness applications for welding of plastics, soldering and brazing, to high brightness
applications such as keyhole welding. Figure 3 plots these different regions on coordinates of
beam parameter product (BPP) versus laser power, as redrawn and modified from reference [18]
to include keyhole welding, cutting and drilling. Since the BPP is defined as the product of the
beam radius at the beam waist with the far-field beam divergence, smaller numbers correspond
to brighter beams that can be focused to higher power densities. More than three orders of
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magnitude of BPP are plotted in this figure, which cover a wide range of materials processing
applications from large area heat treating of metals at high powers without melting the substrate,
to intense beams used to keyhole welding, cutting and drilling. Although the regions of interest
are only approximate and may vary by application, the overall plot is a useful starting point when
considering the type of laser and optical configurations required for a given job. Even though
high brightness lasers can be defocused to low beam intensities, the higher cost of these systems
may make less expensive, lower brightness, lasers more cost effective for selected applications.
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Figure 3: Beam parameter product plotted versus laser power, showing typical regions used for
low and high brightness laser applications.

Just as electron beams can be described in terms of either energy or wavelength using the de
Broglie equation, so can laser beams. Since photons have no mass and travel at the speed of
light, the relationship is simplified to E=1.240/ A, where A is in nm and E is in keV. Thus the
energy of a 1,060 nm Nd:YAG laser beam is only 0.00116 keV (1.16 eV), and that for a 10,600
nm CO; laser is 0.116 eV; both being considerably smaller in energy than their electron beam
counterparts. The lower energy and longer wavelengths of lasers beams compared to electron
beams results in significantly different beam/material interactions, particularly the fraction of
energy that is absorbed by the substrate, which strongly depends on both the laser wavelength
and the material properties [33]. In addition, other factors such as temperature, beam intensity,
polarization, angle of incidence, alloy composition, surface roughness, oxide layers and
contamination contribute to the absorption of laser beams [33].

Laser absorption increases as the wavelength decreases, and this factor is important when
selecting the type of laser to use for a given application. The absorption for CO, lasers operating
at 10,600 nm is 1/5 to 1/10 that of solid state lasers operating at 1,060 nm on metal surfaces.
Even for solid state lasers, with wavelengths of 1,060 nm, the absorption is rather low. For
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example, absorption at 1,060 nm is less than 0.5 for the highest absorbing metals such as
titanium, and less than 0.05 for highly reflective materials such as silver and gold at room
temperature [33]. Significantly higher laser absorption on highly reflective metals such as Au
and Cu can be achieved by decreasing the wavelength into the green at 532 nm [34] or even
lower wavelengths. These lasers are just now becoming commercially available in small
packages with 10 W level powers that are ideal for microelectronic and small component
applications.

For material/laser combinations where the absorption is low, the fraction of energy not absorbed
by the substrate is reflected and may or may not contribute to further heating of the material
depending on the weld geometry. The beam energy is absorbed in a very narrow surface layer
because the photons interact only with electrons at these energy levels. This depth of penetration
of the photons, or attenuation length, is inversely related to the material’s absorption coefficient,
a. The penetration depth of the photons is on the order of 10~ to 107> um in metals, which is
less than the wavelength of the laser beams. This shallow penetration is considerably smaller
than that of electrons used for welding, which allows laser to vaporize materials more easily, and
is one reason why lasers are preferred over electron beams for precision cutting, drilling,
scribing, marking and micromachining.

Comparison between Electron and Laser BeamWelding

Beam quality measurements such as BPP are a good way to compare the brightness and focusing
ability of different laser and electron beams. However, the power density, which is defined as
the ratio of the absorbed power to the area of the beam, is the important parameter for
determining how the beam will interact with a given material. High power density beam welding
requires beams with power densities that exceed approximately 10° W/cm?, which is the level at
which most metals will begin to vaporize rapidly beneath the beam [35]. As the power density
increases above this level, the rate of vaporization increases, producing deeper welds with little
increase in the weld width. At a power density of 10° W/cm?, the depth-to width ratio of the
weld can exceed 10:1. Further increases in power density above 10” W/cm?can create such
intense vaporization that metal is ejected from the keyhole, and the beam begins to enter a
cutting rather than welding mode.

The power density is, primarily controlled by the focal spot diameter and the beam power. Fig. 4
plots this relationship, showing the power required to achieve a given power density as a
function of beam diameter. For example, to achieve a power density of 10°W/cm?, a 200 um
diameter beam only requires approximately 300 W of power, whereas a 1 mm diameter beam
requires approximately 8 kW of power. Both laser and electron beams easily achieve the power
density required for rapid vaporization and keyhole welding. To reach the higher power density
limit of keyhole welding of 10" W/cm?, continuous beams of 5 kW would need to be focused to a
diameter of approximately 250 um. This diameter and power combination has been easily
achieved by electron beams for decades, and is now being equaled, and surpassed, by solid state
lasers that can deliver these power levels through 100 um diameter fibers with similar or smaller
focused spot sizes depending on the optics. These tightly focused laser beams now have the
ability to produce power densities too high for welding and may need to be lowered in intensity
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by stepping up to larger diameter fibers, using longer focal length lenses, and/or defocusing the
beam to produce acceptable welds.
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Figure 4: Constant power-density boundaries showing the relationship between the focused beam
diameter and the absorbed beam power for approximate regions of keyhole mode welding,
conduction mode welding, cutting and drilling.

When a beam interacts with a surface, not all of the beam power is absorbed by the substrate, and
one of the largest differences between laser and electron beams is the difference in absorption
characteristics for lasers of different wavelengths and electron beams. Absorption of the beam is
typically less for photons than electrons under most circumstances, and the differences can be
large. Since the material must first absorb enough energy to melt before it can vaporize to form
a keyhole, there is a power density level below which welding will not occur. This power level
is highly dependent on the absorption as well as the thermophysical properties of the metal.
While electrons instantly begin to penetrate the substrate and form a keyhole at 10° W/cm?,
lasers may not if the reflectance is high enough to prevent a substantial portion of the beam from
being absorbed. For electrons, where absorption is high, calculations show that materials with
low thermal diffusivity, such as stainless steel and titanium alloys, will begin to melt at 5-10x
lower power densities than high thermal diffusivity metals like copper and gold [7]. For lasers,
though, this threshold value may be as large as two orders of magnitude between high reflectivity
and high conductivity metals, or between low conductivity and low reflectivity metals [7].

Pulsed lasers minimize the absorption problems at low powers by producing higher peak power
densities than their continuous wave counterparts, while maintaining the same average power.
Electron beams can be pulsed modulated for hole drilling, which is occasionally used for keyhole
stability. However, pulse modulation does not increase the peak power density of electron
beams and is not a technique used for initiating a keyhole in welds.

Travel speed plays the other major role in how the beam interacts with the substrate since the

energy density, rather than power density, is the parameter that ultimately controls the response
of the material to the beam. The faster the beam moves the less energy is deposited per unit
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length of weld, and the penetration decreases. The energy deposited per unit length of weld
(J/mm) is defined by the beam’s power (W) divided by the travel speed of the weld (mm/s), and
is one measure of how the travel speed influences weld behavior. Analytical solutions to heat
flow relationships in high power density welding [20, 36, 37] can be used to estimate the
influence of welding speed on the threshold for surface melting, and vaporization that leads to
deep penetration conditions, while more advanced models are continually evolving to predict the
complicated relationships between welding variables and keyhole weld shape. These advanced
numerical models use a coupled thermal-fluids approach to solve the equations of conservation
of mass, momentum and energy in three dimensions, and must calculate the temperature
distribution on the inside surface of the keyhole wall. In the case of lasers, multiple reflections
of the beam off of the keyhole wall need to be considered in how the keyhole is established and
maintained [38]. In the case of electron beams, the presence of welding in vacuum must be
considered [39]. More details about the numerical modeling of high power density beam
welding can be found elsewhere in this handbook.

A number of articles that compare laser and electron beam welding processes have been written.
However, many of these comparisons are more than a decade old and have not kept pace with the
recent advances in these technologies [40-45]. Nevertheless, much of the reasoning behind the
comparisons is still valid. For example, electrons require a vacuum in order to propagate the
beam, and they generate large amounts of x-rays. Lasers on the other hand, may require
shielding gases, have higher reflectance, and present hazards in other ways. Concerning capital
equipment and operating costs listed in some of these comparisons, it is important to note that
the price per KW of power has decreased significantly for lasers as higher average power lasers
are being produced in more compact systems with smaller footprints and lower utility costs.
Factoring in all the types of lasers used for welding and all types of electron beam configurations
creates too many variables to compare and contrast in this article. However, it’s safe to say that
either method will work well for many applications, but certain applications still tend towards
one method or another. For deep penetration welds over 12mm, for highly reflective metals, for
welds on highly reactive materials that require vacuum conditions, and/or for welds that require
hermetic sealing in vacuum, electrons beams are most often the preferred method. Lasers, on the
other hand, have more flexible delivery options and superior versatility that allows them to be
directed into areas that are difficult to access with electron beams. This versatility allows lasers
to be more easily configured and integrated into multiple use workstations with associated
potential cost savings. Since lasers do not require vacuum operation, tooling is oftentimes
simpler to fabricate and use, and production rates are oftentimes higher. In addition, lasers can be
used to heat and melt non-electrically conductive materials, and they are not affected by
magnetic or ferromagnetic base materials and tooling that tend to deflect and/or interfere with
electron beams.

Page 11



LLNL-BOOK-417590

Summary

High power density welding with lasers and electron beams can produce deep welds with small
heat affected zones and minimal disruption to the surrounding base metal. These attributes make
both processes attractive for high value added welded components in the nuclear and aerospace
industries, as well as high volume manufacturing in other industries. Recent advances in laser
technology have given rise to high power multi-kW solid state lasers with power densities
matching and sometimes exceeding those of electron beams used for welding, which provides
users with multiple options for high power density welding techniques. Electron beam welding
and laser beam welding will be discussed separately in the sections that follow, with articles
describing welding equipment, welding procedures, design of weld joints, beam diagnostics,
quality control and appropriate codes, non-destructive evaluation, and non-traditional uses for
both processes. These articles are intended to provide a broad overview of high power density
electron-beam and laser-beam welding with numerous citations for specific details about this
large and important field of welding. A final section is included to discuss recent advances in
microjoining with electron and laser beams, which has been a growth area over the past decade
as microelectronics, implantable medical devices, sensors, optoelectronics, and micromechanical
systems are becoming more compact and require joining on the sub-millimeter scale. Although
many of the principals are the same between macro- and micro-joining, many new areas exist for
research and development in the microjoining field. When weld dimensions become less than a
millimeter, spot size, beam control and part manipulation become more challenging, joint
preparation and cleanliness become more important, and not all of the material properties scale at
the same rates. These factors bring new challenges to both the technological and metallurgical
aspects of microjoints made by electron and laser beams.
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