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EXECUTIVE SUMMARY 

Advanced manufacturing technologies (AMTs), including electron beam welding (EBW), are being 
explored by academic, industrial, and regulatory entities for technical feasibility, cost effectiveness, and 
safety of fabricating components for nuclear power plant (NPP) applications. EBW is considered one of 
the cleanest welding processes, with fewer defects than conventional arc welding. Because of its high 
equipment cost, vacuum chamber, and facility requirements, EBW has been limited to high-production or 
high-consequence applications. To date, EBW has seen the highest usage in the automotive and aerospace 
industries.

EBW would typically be considered machine welding according to the American Association of 
Mechanical Engineers (ASME) Boiler & Pressure Vessel Code (BPVC); however, it can also be 
instrumented to be fully automatic. The application of EBW is typically autogenous, without filler metal 
additions. This requires that precise machining and joint fit-ups be designed into the welded joint. Larger 
gaps and large edge breaks (i.e., chamfer) contribute to higher residual stresses in the joint and have been 
known to cause cracks. The use of wire feeding systems can mitigate issues caused by large gaps and 
weld concavity at the top of the joint. The welding controller can allow operator adjustments for joint 
tracking and filler metal positioning during welding. The majority of published electron beam (EB) 
research in the nuclear power industry is primarily focused on large pressure vessel girth welds fabricated 
using reactor pressure vessel (RPV) steels. Development of welding systems to accommodate the welding 
of small modular reactor (SMR) pressure vessels is currently underway. Both local vacuum-reduced 
pressure and in-chamber EBW are being investigated. A reduced-pressure electron beam (RPEB) system 
was developed by The Welding Institute for large component fabrication, thus eliminating the need for a 
large vacuum chamber. This process is currently being investigated for use by Nuclear Advanced 
Manufacturing Research Centre  (AMRC) to support the inclusion of EBW in the R6 (UK) and API 579-
1/ASME FFS-1 [1] fitness-for-service procedures. Welds on SA508 Grade 3 and 4N steels were 
evaluated for weld metal microstructure, hardness, and residual stress. Residual stress levels of the EB 
welds were compared to those of arc welds and were found to be comparable in magnitude but varying in 
location and distribution within the weld. Arc welds contain the highest peaks of residual stress in the 
fusion zone at the weld reinforcement and root of the weld, whereas EB welds had peaks at mid-thickness 
outside the weld area in the base metal on both sides of the weld.

A separate effort to develop thick section EB welds is being sponsored by the US Department of Energy 
(DOE). Contracts have been placed with Electric Power Research Institute (EPRI), Nuclear AMRC, and 
NuScale Power to demonstrate and establish the EBW as a viable technology for use in thick-section girth 
welding of SMRs and advanced reactor (GEN IV) vessels. EPRI has published three yearly reports 
documenting the results of the EBW weld development. This work is being performed alongside other 
advanced processes such as power metallurgy hot isostatic pressing (PM-HIP) material, which is a 
potential material for the lower and/or upper head assembly. Five simulated girth welds have been 
produced using EBW with no significant defects or indications within the bulk of the weld [2]. Use of 
EBW is currently allowed per the ASME BPVC without any restrictions on base material types; therefore, 
no gaps were found in the use of EBW for NPP application. Further work on the welding of PM-HIP 
materials is ongoing, as well as the evaluation of a full solution heat treatment to homogenize the weld 
and base metal microstructures. Because no filler material is added to the weld, a full solution heat 
treatment is being sought to return the weld fusion zone to near base metal properties. This heat treatment 
goes beyond the ASME BPVC required PWHT for low alloy steels, therefore, it is seen as an 
improvement that may require regulatory input but is not seen as an impediment or gap to the use of 
EBW. One goal of this heat treatment is to remove the requirement for in-service inspection of these girth 
welds. Further development of this concept is needed, and regulatory approval will be required to forgo 
current in-service inspection requirements for RPV welds. 
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Development of EBW has progressed rapidly in the last 20 years, due in part to advances supporting 
additive manufacturing (AM). Improvements have been particularly notable in the area of machine vision, 
electronic controller capabilities, beam optics, filler metal manipulation, movable vacuum seals, and 
reduced-pressure EBW. Machine vision systems utilizing cameras, electron diffraction, and/or weld 
parameter data are used to analyze and make real-time adjustments to the weld path or the welding 
parameters to successfully achieve the desired weld characteristics. These advancements allow for 
increased opportunities to use EBW for NPP applications. 

EBW with PWHT is a permitted welding process per the ASME BPVC. As in other welding processes, a 
PWHT is required and specified for most materials, including RPV steels. Regulator changes are required 
to take full advantage of EB-welded PM-HIP materials that receive full solution heat treatment after 
welding. The residual gas content of PM-HIP materials must be controlled to increase the base metal’s 
fracture toughness. There are no fracture toughness tests on EBW using PM-HIP SA508 reported to date. 
Gaps identified include (1) vendor and equipment availability, (2) weld repair techniques, and (3) the 
mechanical properties of EB-welded PM-HIP materials. In addition, thermal aging (stability) and 
irradiation degradation of EBW PM-HIP material weldments have not been studied. A literature review—
including an evaluation of current ASME BPVC requirements and code cases—is included in this 
document to allow for evaluation of EBW as one of the AMTs being considered for NPP use. 

The NRC has developed a companion document to this report (Agencywide Documents and Access 
Management System Accession No. ML22143A929) that provides context to the gaps identified in this 
report from a regulatory perspective and highlights key technical information related to EBW-fabricated 
components in NPPs.
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1. INTRODUCTION

Nuclear energy supplies approximately 18% of the US electrical power supply and the majority of 
carbon-free electricity [3] and is a critical component of reliable domestically sourced power. However, 
only two reactors have been brought online in the past 25 years, with an additional two reactors under 
construction at the time of this document’s publication [4]. To lower construction and maintenance costs, 
multiple advanced manufacturing methods (AMMs) are being evaluated by academic, industrial, and 
regulatory bodies for cost effectiveness, technical feasibility, and safety [5]. The US Nuclear Regulatory 
Commission (NRC) is the federal agency responsible for regulating nuclear power plant (NPP) operation 
and ensuring public safety. Therefore, the NRC has a vested interest in surveying current scientific 
literature on AMMs. The NRC internally uses the term advanced manufacturing technology (AMT) in 
lieu of AMM and is pursuing technical knowledge of multiple AMMs per the NRC’s AMT Action Plan 
(Agencywide Documents and Access Management System [ADAMS] Accession No. ML19333B980). 
This report documents the current state of one specific AMM, electron beam welding (EBW), with 
respect to material microstructures and properties relative to conventional arc welding, technical gaps in 
ensuring repeatability and acceptability, and standards and regulatory gaps related to machine calibration, 
minimum requirements, and inspection practices. This report is motivated by the potential use of EBW of 
assemblies for new NPPs, particularly thick section welds that make up the reactor pressure vessel (RPV). 
The NRC has developed a companion document to this report (ADAMS Accession No. ML22143A929) 
that provides context to the gaps identified in this report from a regulatory perspective and 
highlights key technical information related to EBW-fabricated components in NPPs. 

2. ELECTRON BEAM WELDING TECHNICAL REVIEW

The following subsections represent the current state of literature on EBW and was written with an 
emphasis on fabrication, quality control, nondestructive evaluation (NDE), metallurgical characteristics, 
and regulatory certification requirements for application to NPP service. Although many alloy systems are 
possible for welding with electron beams, because of the NPP focus, stainless steels and low-alloy steels 
for RPVs are the primary focus of this report. Two primary research and development efforts are being 
completed by the Electric Power Research Institute (EPRI) and the Nuclear Advanced Manufacturing 
Research Centre (AMRC), with some aspects of research being done in collaboration with other entities. 
Along with industry partners, EPRI is analyzing the use of EBW on thick-section girth welds, as well as 
upper and lower heads of small modular reactors (SMRs), using a modular, in-chamber, EB welder. 
Nuclear AMRC is leading the efforts to further develop a movable seal, reduced pressure, EB welder that 
would not require a substantial chamber [6-10].

2.1 PRINCIPLES OF OPERATION

EBW is a considered a high energy density (HED) welding process. A fusion weld is completed by the 
generation of a high-energy beam of electrons focused to a spot at the weld joint. The main component of 
the EB welder is the electron gun, which consists of the cathode (filament), anode, and the focusing coil 
(lens) (discussed further in Section 2.2.2) [11]. A vacuum is required for the beam generator to generate a 
stable electron beam. The beam exits the gun below the deflection coils into air, reduced pressure, or 
vacuum (see Section 2.3.1). 

Three equipment options were considered to complete the EBW girth welds: a large chamber (40+ feet 
long), a local vacuum (reduced pressure, see Section 2.3.3), and modular in-chamber electron beam 
welding (MIC-EBW) (see Section 2.3.4) [12]. MIC-EBW is being pursued and has been reported in three 
yearly reports from EPRI [2, 7, 8]. A 150kV triode gun (see 2.2.2) manufactured by Precision 
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Technologies Inc. (PTR) will be used in the horizontal position and mounted to a dedicated EBW stage 
[12]. A rendered drawing of the system being manufactured is shown in Figure 1.

Figure 1. MIC-EBW system: components of the stages include EB gun stage (green), modular stacked rings 
(purple), rotation and pumping stage (gray), and lid (blue) (left) (From Gandy [12]); PTR electron beam 

optics (EBO) Gen Line Beam Generator, 150 kV version, to be used on MIC-EBW system (right) (From [13], 
courtesy of PTR-Precision Technologies).

2.2 TERMINOLOGY AND BACKGROUND

Several terms used in the EBW industry are specifically related to high-energy density welding, including 
focal position, beam profile, energy density, beam diameter, keyhole, true focus, and above and below 
true focus. Focal position is the distance between the top surface of the weld joint to a fixed position, a 
reference point on the electron gun to maintain a consistent position of the workpiece and beam optics. 
Beam profile refers to a digital interpretation of the EB constructed using diagnostic equipment placed in 
the machine and having the beam raster or sweep across the sensor. A 2D or 3D reconstruction of the 
energy profile can be created. When multiple sweeps are made across the sensor at various focal 
positions, a representative beam profile can be built to capture the energy density of the beam at different 
positions from a constant reference point (usually the internal top surface of the weld chamber). Energy 
density is the amount of energy per unit area at a position referenced at or away from the focal position of 
the electron beam. Beam diameter or spot size is the diameter of the beam at the focal position of the 
electron beam. Keyhole is a term used to describe the cavity created by the intense vaporization of metal 
at the weld pool to create the weld. When welding at sufficient energy levels, the vaporization of metal 
and the movement across the base material form a cavity that resembles a keyhole. True focus is the 
position of minimum beam diameter which is centered within a depth of focus, similar in theory to optical 
focus. Welding is often completed by finding the true focus position on the part through a visual brightest 
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spot methodology followed by a lens current offset to position the weld above or below true focus, if 
desired. Positioning the focal point above the part’s surface diffuses the energy density of the beam and 
can soften the root of the weld to avoid root porosity as discussed in Section 2.4.16. Positioning the focal 
point below the part’s surface also diffuses the energy density of the beam on the part’s surface and aids 
in penetration efficiency, with the energy crossover occurring below the surface of the part. 

2.2.1 History

Electron beams have a long history of use in scientific research and applied science, ranging from the 
study of subatomic particles to producing images on older cathode tube television sets. The EB process is 
based on the principles of thermionic emission of electrons in a vacuum. Upon generation of the free 
electrons, they can be easily collimated, focused, and energized by the use of electric and magnetic fields 
[3, 4]. The heating of materials caused by the impingement and conduction of electrons is the foundation 
of EBW. Two researchers—, Dr. Jacques André Stohr, and German physicist Dr. Karl-Heinz 
Steigerwald—can be credited with the advent of the EBW in the mid to late 1950s.  Stohr’s work on x-ray 
tubes and Steigerwald’s work on electron microscopy led each of them to welding [5, 14]. 

The first customer to request an EBW machine was the Pittsburgh-based Westinghouse in 1958 [3, 14]. 
Two systems were eventually purchased after Steigerwald demonstrated the butt welding of two 5 mm 
Zircaloy plates [3]. These systems were purchased for the manufacture of fuel components for the Polaris 
submarine [14]. The new process was quickly adopted in the United States and spread across multiple 
industries because of its ability to produce high aspect ratio welds (i.e., depth to width ratio) and to join 
dissimilar materials, as well as difficult-to-weld materials [3, 14, 15]. EBW produces some of the highest 
precision and quality welds available. An estimated 3,000–3,750 EB welders are currently in operation [4, 
15]. Welding speeds of 1,500 mm/min at 1 mm depth in steel and 50 mm/min at a depth of 280 mm in 
steel are possible [16]. Because of the high-energy densities achievable through focus of the electron 
beam, high-temperature materials such as tantalum and tungsten can be welded. EBW is considered a 
high-energy density process, a category shared with laser welding.

2.2.2 Electron Beam Sources

The most common type of EBW source is the triode-type EB gun [17]. Two other EB sources have been 
used for EBW: the diode type EB gun, and an experimental radiofrequency (RF)-excited plasma gun [17, 
18]. The triode-type gun is the primary focus based on its widespread use in industry.

An EB is generally produced by the thermionic emission of electrons. This is typically achieved through 
the heating of a tantalum or tungsten filament enclosed in a vacuum. The internals of the beam 
generator—consisting of the filament (cathode), grid or bias cup, and anode—are shown in the schematic 
in Figure 2. A strong electrical potential is generated between the grid cup and the anode which enables 
the acceleration of a beam toward the workpiece. A high vacuum (HV) > 1 × 10-4 Torr is required at the 
electron gun to prevent breakdown of the air into a conductive medium at the high voltages used. Typical 
EB voltages of 60 to 200 kV are used. 

The lower portions of an EB gun further manipulate the beam into a useful tool. A centering coil and a 
stigmator located just below the anode (not shown) refine the beam into a centered spherical beam of 
intensity. These two components are typically set and are not adjusted unless significant maintenance or 
adjustment of the gun components are made. Following the beam path further, the focusing lens and 
deflection coils are mounted near the bottom of the electron gun. The focusing lens is a magnetic coil that 
can be varied in intensity by changing the current applied to the coil to focus the electrons to a point. 
Electrons further away from the beam axis are closer to the focusing coil, so they are affected by a greater 
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force than the electrons traveling near the center of the beam axis. The resulting focal length can be tuned 
to obtain the beam spot size and intensity required at the material interface.

Focusing Coil / Lens

Deflection Coil

Workpiece

Cathode / Filament

Grid / Bias Cup

Anode

Electron Beam

Figure 2. EB triode gun schematic.

The diode-type EB gun operates in a similar fashion, except the grid cup is held at the same voltage value 
as the cathode. This makes the EB gun a two-element diode EB emitter. Therefore, the diode gun controls 
the beam current through control of thermionic emission from the cathode itself. Several manufacturers 
have produced the diode-type EB guns in use today [17].

The RF-excited plasma electron gun is being developed by The Welding Institute (TWI) to address 
concerns of cathode life in high-use additive manufacturing EBW systems. Because the additive 
manufacturing process requires an always-on heat source, a non-depletable cathode was sought. This 
system is reported to have advantages such as no-wear, low maintenance, no beam variation, the ability to 
operate in a coarse vacuum, and rapid pulsing capability. This electron gun design is limited to 3.2 kW as 
of the most recent  publication [19]. 

2.2.3 Safety

EBW poses more safety hazards than arc fusion processing. High voltage, vacuum, beam intensity 
(visible intensity), and radiation of x-rays must be considered. The American National Standards Institute 
(ANSI) and American Welding Society (AWS) provide safety guidance for the safety of the equipment 
and personnel. Important documents are listed in Table 1. X-rays are generated by the impingement of 
electrons on other matter through a process known as Bremsstrahlung radiation. This occurs when a 
high-energy electron interacts with the nucleus of an atom, resulting in the electron slowing down or 
stopping as a result of the electromotive forces. The intensity of the resulting x-ray is dependent upon the 
energy of the incoming electron and the mass of the nucleus it has impinged upon. High beam voltage, 
beam current, and the atomic number of the atom in the collision pair affect the intensity of the resulting 
x-ray. The x-rays produced by EBW systems can be soft or hard (i.e., low- or high-energy x-rays, 
respectively), so appropriate shielding must be in place to protect the operator. The electron energy level 
is highly dependent upon the voltage level used. Low kV systems generally do not require significant lead 
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shielding. Viewports must be made of leaded glass, and the chamber is required to maintain integrity at 
HV, which is sufficient to stop low-energy soft x-rays. High kV systems require additional lead shielding 
in the chamber walls and leaded glass for viewports. Radiation testing of the MIC-EBW system 
developed by PTR resulted in a measured value of 0.3mR/hr 3 in. from the chamber wall while at full 
power (150 kV, 400 mA, 60 kW) without any lead shielding; therefore, limited precautions are necessary 
[15].

Table 1. Recommended safety documents 

ANSI Z49.1 Safety in Welding, Cutting, and Allied Processes [20] 

ANSI N43.3 American national standard for general radiation safety : installation using non-
medical x-ray and sealed gamma-ray sources, energies up to 10MeV [21]

AWS C7.1 Recommended Practices for Electron Beam Welding and Allied Processes 

Equipment manufacturer fact sheets

2.2.4 Advantages of EBW over Traditional Arc Welding

EBW has many benefits over traditional arc welding. Because of the nature of the electrical circuitry and 
mechanized control of the process, a reliable, repeatable process can be achieved. The basic advantages of 
EBW are captured in Table 2. Cottrell reported a heat input that was 5–10 times lower than that of arc 
welding, with a corresponding transverse shrinkage of less than 10% than that seen during manual or 
submerged arc welding  [15, 22-26].

Table 2. Advantages of EBW over traditional arc welding

General process advantages Potential NPP advantages (additional)
Single-pass deep penetrating welds [15] Step change in productivity [27]  
Low energy / heat input (< 5 J/mm – 20 kJ / mm) 
[11, 15, 26, 27]

Fewer defects [22]

High aspect ratio welds  [5, 15, 26] Low hydrogen contents [22]
Ability to weld high conductivity / difficult materials 
[15, 26]

No slag defects (no flux) [22]

Ability to weld dissimilar materials  [15] No inter-run imperfections [22]
No beam reflectivity problems [15] Single start / stop [22]
Elimination of oxygen and hydrogen pickup from 
atmosphere [15]

Matching weld and base metal composition 
(no filler metal or flux) [22]

Reduced distortion [11, 22, 26]
High energy transfer efficiency (80–90%) [11, 26, 27]
Non-contact / improved joint access [11]
Reduced / no consumable costs [11]
Narrow (smaller) heat affected zone [11, 26]
High welding speeds can be attained [26] 
Variable working distance to allow for easier access to 
joint [5]
Reduced joint complexity [5, 22] 
Ability to weld thickness less than 0.5 mm and up to 300 
mm in steel and 590 mm aluminum [23]
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Data acquisition / monitoring / control of welding 
parameters possible [5]
Welding parameters are highly reproducible and 
consistent, improving the quality of welds [5, 22]

When compared to arc welding, EBW bests the energy density by two orders of magnitude (104 W * mm2 
vs. 102 W * mm2). This is feasible because of arc welding’s reliance upon the heating and melting of 
material with the intent of coalescence through surface tension effects. The strengths of EBW result from 
the EB’s fundamental different high-energy density. By focusing the EB, a tight spot can be placed on the 
weld joint, thus creating a condition called keyhole welding. In this mode, a vapor cavity is created in 
which metal is vaporized on the leading edge of the weld and deposited on the back surface. The weld is 
stabilized by a combination of surface tension, hydrostatic, and vapor pressure forces [28]. A keyhole 
mode weld is shown in Figure 3, illustrating the elliptical shape of a weld made as the EB is traversed 
across a joint.  This is achievable by the high-energy density of the focused spot reaching estimates 
greater than 106 W × cm-2 [3, 29]. EBW is very sensitive to the overall heat input and energy density of 
the beam, so as intensity increases, the depth of penetration can also dramatically increase [30].

Base Metal

Weld Keyhole

Electron Beam

Figure 3. Formation of a keyhole during welding

To understand the differences between arc welding and EBW, some examples and demonstration pieces 
have been made by manufacturers of EB welders. ProBeam has demonstrated a bronze-to-steel EB weld 
that is not possible by any arc welding processes, as shown in Figure 4 [31]. 
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Figure 4. Dissimilar joining of bronze to steel, 30 mm thickness (From Clauß [31], Courtesy of Pro-Beam)

2.2.5 Limitations and Disadvantages of EBW over Traditional Arc Welding

Limitations of EBW should be considered for each application. As in all manufacturing, time and money 
are significant inputs into the selection of the processing of components. AWS lists several limitations in 
their recommended practices for EBW. These limitations include cost, precision machining, precision 
tooling, precise setup, evacuation time, and the need for x-ray shielding and monitoring. AWS also lists 
issues when welding magnetic materials or fixtures that may cause the beam to deflect unexpectedly [15]. 
Partial penetration welds may be prone to root porosity due to instabilities of the keyhole and/or melt 
pool. In a review of EBW, Cottrell discusses the need for close tolerances, with the potential for a weld to 
fall through the joint (i.e., the molten metal flows out of the weld joint) because of small gaps at the joint 
[26]. Cottrell also discusses a concern that metal vapor expelled from the weld can cause arcing in the 
electron gun [26] when welding aluminum. This is a problem when welding materials contain elements 
with low vapor pressures. The metal vapor coats exposed surfaces in the weld chamber, including optics, 
and it may deposit on nearby surfaces of the part being welded. Therefore, the optics, chamber walls, and 
parts, are sometimes shielded.

The viewing optics of the chamber can be coated by the metal vapor as a result of their proximity to the 
beam axis. Various manufacturers use a cover slide or film to protect the optical viewing and/or camera 
lenses. The chamber wall is typically shielded using thin foils such as aluminum foil to reduce the amount 
of cleaning, grinding, and polishing needed to remove the metal vapor deposition. Parts are also affected 
by the deposition of metal vapor. A shield or metal cover can be used to prevent buildup in undesirable 
areas. Arcing in the electron gun can occur if metal buildup accumulates to sufficient thicknesses on the 
gun components. Periodic maintenance as recommended by the original equipment manufacturer (OEM) 
is adequate to reduce the potential for arcing conditions. More frequent cleaning may be required for 
some materials such as aluminum [3, 32, 33].

The use of EBW has been limited because of the complexity and cost of the equipment. Expertise in 
precision machining, high vacuum systems, high voltage, electrical controls, and feedback, as well as 
expertise in materials and welding engineering, are all required for a sustained, controlled EBW process. 
Very few universities teach EBW, and even fewer have the equipment to provide hands-on training. EBW 
requires a skilled workforce trained by the equipment manufacturers and those with experience applying 
the technology. EBW is a specialized process that is widely accepted and utilized in manufacturing across 
the medical, automotive, aerospace, power generation, and defense industry sectors, with capabilities 
exceeding those of traditional welding processes. Currently there is no US vendor with the equipment on 
hand to complete all the girth welds required for the RPV. However, there are some vendors and 
equipment that can further prove feasibility on ring sections of the RPV to further advance this 
technology. 
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When compared to arc welding technologies, EBW has some disadvantages. EBW is not forgiving in 
terms of joint fit-up or cleanliness. A traditional arc welding process can accommodate variations in the 
bevel angle or gaps in the joint better than an EB welding process. When arc welding, the welder can 
modify the torch weave or reposition the weld bead based on the visual feedback and skill level. EBW 
does not have this level of flexibility. This limitation partly caused by the single-pass nature of EBW. 
Surface defects such as solidification cracking are often difficult to repair by EBW. Restraint conditions 
and weld material chemistry cannot be adjusted without adding filler wire. Heat input can be modified by 
adjusting the weld parameters to reweld the cracked area, and the technique has had limited success. 
Subsurface defects such as pores are also difficult to repair. An EB re-weld tends to modify the size, 
location, and quantity of pores, but it does not typically eliminate pores. Traditional arc welding repairs 
are completed by mechanically removing material down to the defect or pore to remove it, and then arc 
welding with filler metal is performed to complete the repair. In some cases with EBW, a local arc weld 
repair may be the best option. Many of these limitations can be overcome through the careful engineering 
of the manufacturing process and correct application of the technology. EBW is an advanced 
manufacturing process that should be planned for as early as possible during weldment design [4, 34].

Table 3. EB Disadvantages

General process disadvantages Potential NPP disadvantages (additional)
Good joint fit-up with minimal gap required No filler material*
Difficulty with weld repair Less flexible manufacturing process
Equipment cost Limited repairs (may require arc welding)
X-ray shielding and monitoring required Need to establish vendor capability
Need for precision fixtures and tools
Precision machining is required 
Limited technical expertise available
Limited job shops available
Time to achieve required vacuum level

  *No filler material has been listed as an advantage because of the matching material chemistry of the 
weld and base material. This can be disadvantageous for repairs and overall flexibility of manufacturing.

2.2.6 EBW Pros and Cons vs. other AMTs

EBW has been grouped with AMTs and termed an advanced process based on its limited use in the 
nuclear industry. Processes such as EB free-form fabrication (EBFFF, or EBF3), EB additive 
manufacturing (EBAM), and EB melting (EBM) are widely used in aerospace and automotive industries 
and are best discussed along with powder bed AM and direct energy deposition (DED) [35, 36]. EBFFF 
and EBAM are wire-fed EB processes in which a part is made through the deposition of multiple layers of 
welds with wire addition [35]. EBM refers to a powder bed process in which the melting of a metallic 
powder is completed over many layers to form the final product [37]. All these processes are based on the 
EB generator, and the application methodology defines them more accurately. EBW is a term used when 
joining any two materials together. The two materials may be wrought materials or AM-produced parts in 
a traditional joint fabrication design. 

EBW’s primary advantage over other AMTs for application in the nuclear industry is that the process may 
be applied to materials already used in the industry with known properties and weaknesses. This is a 
benefit of EBW, because the bulk material is procured through the already-established system of ingot or 
plate fabrication. Welding-based AMT processes such as laser powder bed fusion (LPBF) and DED, 
fabricate the bulk materials as part of the process. These processes bypass the need to order castings or 
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plates in specific sizes and thicknesses, which may significantly reduce lead times for procurement. 
Instead, a wire or powder is used to fabricate the part in its entirety. Because of the nature of the AM 
processes, each weld pass or layer will undergo a series of thermal cycles, much like a multi-pass weld. 
As a result, bulk chemistry and mechanical properties are determined as part of process and parameter 
development. Inspections and validations of the material properties would therefore be concerned with the 
entirety of the component, because that is the first opportunity to inspect the bulk material properties. 
Implementation of the EBW process would be less disruptive to the traditional process than other AMTs 
which have less of a learning curve for the fabricator and inspectors.

As discussed in this report, EBW is based on the traditional manufacturing method of joining two 
workpieces to make an assembly. In this respect, EBW is at a disadvantage to other AMTs because it 
relies on the traditional wrought material fabrication methods and lead times. Large forgings such as those 
for an RPV require multiple years of planning to procure, produce, and deliver the materials needed to 
start the EBW process. For a successful weld to be completed, EBW also relies upon the machining 
tolerances of the joint and the joint cleanliness to avoid defects. EBW does not have the flexibility when 
welding autogenously (without wire) to fill a joint. An assembly with large joint gaps may cause the EB 
weld to have excessive concavity, or the joint may not be fused together at all. Other AMTs such as 
additive manufacturing methods have more flexibility because they build upon the last deposited layer 
with essentially zero gap.

2.3 MANUFACTURING METHOD

2.3.1 High Vacuum, Medium Vacuum, and Non-Vacuum

In terms of beam fidelity, a HV produces the smallest producible focal spot. If air molecules are in the 
path of the beam, they are sufficient to disturb the finely columnated and focused electrons, diffusing the 
intensity through electron scattering. Most EB welds are performed in a HV environment where the EB 
gun and workpiece are within a chamber and evacuated to less than 10-4 Torr pressure. Medium vacuum 
(MV) and non-vacuum (NV) EBW processes have been developed with equipment specific to the 
associated vacuum level (Table 4). AWS C7.1M, “Recommended Practices for Electron Beam Welding 
and Allied Processes,” defines the modes of EBW as described below and as illustrated in Figure 5.

Table 4. AWS-recognized EB modes of operation

Process abbreviation Process Vacuum level of part
EBW-HV High-vacuum EBW 1.3 × 10-1 Pascal 

[1.0 × 10-3 Torr] or lower
EBW-MV Medium-vacuum EBW 1.3 × 10-1 to 3.3 × 10-1 Pascal

[1.0 × 10-3 to 2.5 × 10-3 Torr]
EBW-NV Non-vacuum EBW Atmospheric

All EBW modes require the electron gun to be held at high vacuum for electron emission. Placement of 
the workpiece in a similar high or low vacuum delineates the mode of welding. In the MV or NV modes, 
the HV gun must be separated from the work chamber or workpiece to maintain the vacuum in the gun 
for process stability. A modern HV system incorporates a column valve to separate the vacuum chambers 
so that a clean HV can be maintained on the gun components while a new part is cycled into the work 
chamber. A MV system incorporates a vacuum divider to allow the two vacuum levels to be maintained 
during welding. An NV system incorporates a series of vacuum dividers between the gun and the 
workpiece [15].
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Figure 5. EBW: high vacuum (EBW-HV), medium vacuum (EBW-MV), and non vacuum (EBW-NV) (From 
Kautz et al. [33], reprinted with permission of American Welding Society).

The vacuum level also reduces the amount of potential contamination to the component. Because a 
shielding gas is not used for EBW, a clean environment is created through the absence of gaseous 
contamination. The Welding Handbook [33] compares the ppm levels of contamination in shielding gases 
to various vacuum levels used during EB as shown in Table 5 [33].

Table 5. Gaseous ppm contents at various pressures(Adapted from Powers [32])

Argon shielding
Purity grade Contamination level (ppm)

99.95% 500
99.995% 50
Gas molecules as function of pressure (Air)

Pressure, Torr Contamination level (ppm)
380 × 10-3 500
100 × 10-3 132
38 × 10-3 50
10 × 10-3 13.2
1 × 10-3 1.3

1.0 × 10-4 0.1
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2.3.2 Plasma Window and Plasma Shield (EBW-NV)

Through a cooperative research and development agreement (CRADA), Hershcovitch from Brookhaven 
National Laboratory (BNL) worked with Acceleron to develop a plasma window, and later a plasma 
shield, for non-chamber EBW (EBW-NV). Acceleron envisioned a robotic head unit to allow for use of 
this technology in the automotive sector. Hershcovitch investigated the process of using a plasma arc to 
create a vacuum interface between the bottom of the electron gun and the part to be welded. This process 
had the added benefit of focusing the EB as a result of the Lorentz forces, resulting in a 3× factor of 
improvement in contamination prevention over in-air welds. The plasma shield was developed using a 
vortex-stabilized arc, thus allowing the process to function in air or liquid environments. The vortex is 
comprised of a sacrificial gas or liquid, resulting in a process with a claimed efficiency improvement of 
41.5 to 47.4% over traditional EBW-HV. Several systems were sold, but the need for further development 
of the robotic arm unit and increased operational longevity were noted by the author. Figure 6 shows the 
beam propagation in atmosphere when using a 2 mm argon–helium plasma window [38-40].

Figure 6. Plasma window (Ar-He) developed for out-of-chamber EBW: 9 mA (a), 25 mA (b) (From 
Hershcovitch [38], reprinted with permission from AIP Publishing).

2.3.3 Reduced Pressure Electron Beam (RPEB)

TWI developed an EBW process without a chamber. In collaboration with CVE, TWI, U-Battery, and 
Cammel Laird, the Ebflow system is being developed by the EBManPower project to weld large-scale 
power generation infrastructure components [41]. The process uses much of the same technology as 
traditional EBW without the large vacuum chamber. In lieu of a large vacuum chamber, the Ebflow 
system uses a local sealing interface surrounding the location to be welded. The sealing surface of the gun 
and backside of a pipe weld can be seen in Figure 7. Removal of the required chamber allows immediate 
improvements in application to large structures and reduces the size of the pumps needed to provide the 
local vacuum around the weld area. A significant reduction in energy and time used to pump down a large 
chamber can be realized [41]. A gliding seal is then used to maintain the coarse vacuum needed for the 
weld. During RPEB welding, the part can be rotated with a fixed EB gun position, or for large 
components, the EB gun can be rotated around the part [41]. The coarse vacuum level required at the 
workpiece is approximately 1 mbar (0.75 Torr), which is significantly lower than the HV (10-4 Torr) 
needed in a conventional EBW system. Comparison of 150 mm thick steel section welding by Ebflow and 
submerged arc welding showed that RPEB was 20–30 times faster, and as much as 75% less energy was 
consumed to make the weld [42] while maintaining weld quality. Results of the research performed using 
RPEB are contained in Section 2.8.1 [1, 8, 22-24, 43, 44].
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Figure 7. RPEB (Ebflow) system gun and sliding seal (left) [45], box seal on backside of weld (right)  (courtesy 
of Cambridge Vacuum Engineering).

2.3.4 Modular In-Chamber Electron Beam Welding (MIC-EBW)

EPRI and Nuclear AMRC are collaborating to demonstrate advanced manufacturing and fabrication 
technologies for SMR vessels. Modular in-chamber electron beam welding (MIC-EBW) was proposed 
after discussing the limitations of the traditional large-vacuum EBW systems and the complexities of the 
RPEB process. The US Department of Energy (DOE) has contracted with EPRI and Nuclear AMRC to 
develop a modular in-chamber electron beam welder [8]. A conventional EBW-HV of sufficient size to 
weld a RPV was estimated to be over 40 feet  long to accomplish the welds needed for the SMR [12]. 
EPRI and Nuclear AMRC seek to demonstrate the feasibility of welding thick section components, 
specifically RPV girth welds. Initial welds were completed at the Nuclear AMRC using a low voltage 
(60kV) Pro-Beam welding system, which is currently being used to demonstrate the EBW of thick 
sections of SA508 Grade 3 Class 1 and 2 materials [7, 8, 10].

A traditional weld chamber built to perform all the girth welds along the length of an RPV would 
necessitate a gun axis of approximately 35 feet, to be able to access all the weld joints in an SMR vessel 
or to reinstall the head assembly at specific gun locations inside the chamber. A traditional chamber 
dedicated to welding SMR circumferential welds is estimated to cost $20 M.  A MIC-EBW system is 
estimated to reduce this cost by more than 50%. A model of the system can be seen in Figure 8. This 
model shows the critical components of the system, the manipulator (rotary) and pumping system, the gun 
and slide stage, spacer rings, and the lid. Numerous spacer rings could be assembled above and below the 
gun and slide stage to place the welder at the correct location on the assembled RPV. Once assembled and 
leak tight, the system would function like a traditional fixed welding chamber system. A fully stacked 
system is shown in Figure 9. PTR was chosen to manufacture the welding equipment, including the 
electron gun, the gun slide, the power supply, the CNC controller, the operator console, and the cradle 
lifting device [8]. 
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Figure 8 Modular in-chamber EBW system design (From Gandy [8], reprinted with permission from Electric 
Power Research Institute).

Figure 9 Fully stacked model of the MIC-EBW system (From Gandy [9], reprinted with permission from 
Electric Power Research Institute).

The EB gun (generator) being used in the MIC-EBW system is a triode gun design (see Section 2.2.2 for 
additional discussion) capable of operating up to 150 kV and 400 mA (60 kW) [8]. The EB gun will be 
positioned on a gun slide, a small linear axis that allows for small adjustments of the position. The EB 
generator and slide attachment are shown in Figure 10. The MIC-EBW system will also incorporate the 
EB optics (EBO) and viewing package, allowing for the use of the electron optics to view the weld and 
the CCD camera. The EBO package allows for the system to have seam tracking, advanced viewing, and 
advanced beam control. The advanced beam control allows the beam to be manipulated through fast 
electrical deflections to control four positions simultaneously. Figure 11 shows the available options for 

Color Description
Gray Rotary manipulator and pumping stage
Green EB gun and slide stage
Magenta Modular spacer ring stage
Cyan Lid or cap
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the EBO optics. EPRI is currently developing the welding parameters for the thick section RPV welds, 
which is covered later in Section 2.8.2 [8, 9].

Figure 10. EB generator capable of 150 kV, 400 mA (60 kW) attached to gun slide (From Gandy [8], 
reprinted with permission from Electric Power Research Institute).

Figure 11. EBO system capabilities (From Gandy [8], reprinted with permission from Electric Power 
Research Institute)..

2.3.5 EB with Filler Metal Additions

Filler metals can be used with EB using two methods, as discussed by Barreda [46]: (1) the use of a wire 
fed assembly, or (2) preplacement of filler material between the parts to be welded. Barreda investigated 








































































































































































































































