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A B S T R A C T

The design freedom offered by additive manufacturing opens up possibilities for developing novel vacuum 
electronic devices and radio-frequency components with integrated functionalities. High purity copper is often 
chosen for these applications because it combines excellent electrical and thermal conductivity. Laser powder 
bed fusion systems equipped with high-power green laser sources have been developed to enhance the pro
cessability of pure copper, which exhibits a low absorption rate for conventional infrared lasers. In this study, 
pure copper parts manufactured by green laser powder bed fusion were characterized in terms of density, im
purity content, and mechanical and physical properties to assess their suitability for ultra-high vacuum appli
cations. Additionally, vacuum membranes were produced with different wall-thicknesses and building 
orientations and tested for helium leakage with a detection limit of 10− 10 mbar l s− 1. Further microstructural 
characterization analyses were conducted on the tested membranes to determine the critical parameters influ
encing their performance in ultra-high vacuum environments, such as effective wall thickness and laser scan 
length, and establish the current wall thickness limits for pure copper components manufactured by green laser 
powder bed fusion.

1. Introduction

High purity copper is frequently employed in specialized applica
tions requiring excellent electrical and thermal conductivity. These also 
include vacuum electronic devices (VEDs) and other radio-frequency 
(RF) components designed for operation in ultra-high vacuum (UHV) 
environments [1,2]. To meet their typically severe performance re
quirements, these devices are often custom-designed and produced in 
limited series using advanced techniques that involve high precision 
machining and multi-part assembly, which may result in prohibitive 
fabrication costs, long lead times, and the need for highly skilled labor 
[3,4].

Additive manufacturing (AM) has the potential to address these 
limitations. In AM processes, complex geometries can be realized 

monolithically by depositing the material layer by layer, thus elimi
nating the need for laborious assembly operations and avoiding junc
tions that may be susceptible to vacuum failure during component 
operation [5]. The design flexibility of AM also enables the development 
of devices integrating features difficult to fabricate using conventional 
processes, such as internal cooling systems that can allow for high fre
quency operation mitigating localized temperature spikes [6]. Addi
tionally, AM is well suited for the production of prototypes and 
customized parts in limited volumes, as it does not require the use of 
dedicated tools [7]. In recent years, various AM technologies have been 
applied to manufacture pure copper parts [8,9]. Among them, laser 
powder bed fusion (LPBF) has shown the capability of producing parts 
with mechanical and physical properties comparable to those of 
conventionally processed copper [10,11]. LPBF systems use a highly 
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focused laser beam to selectively melt the powder material spread on a 
building platform, layer after layer. The process is usually conducted in 
argon atmosphere to prevent material contamination [12]. Laser pro
cessing of pure copper poses significant challenges due to the high 
reflectivity of copper for conventional infrared lasers (~1 μm wave
length) [13], which can result in a severe residual porosity in printed 
parts due to incomplete melting of the powder material [8]. LPBF ma
chines equipped with high-power infrared and green laser sources have 
been introduced to enhance the processability of copper. In the former 
case, the higher power compensates for the low absorbance [14], while 
in the latter case the system operates at a more efficient wavelength 
(~515 nm), providing a higher absorption rate [13].

Although LPBF has experienced a rapid expansion across various 
industrial sectors in recent years, its application in the vacuum field is 
still limited [4]. This is primarily due to the stringent requirements in 
terms of leak tightness, outgassing control, and surface contamination, 
particularly critical for UHV applications. The relatively high surface 
roughness of additively manufactured parts (7–20 μm in PBF processes 
[12]) has typically been associated with intense outgassing, due to the 
increased surface area for the adsorption of volatile species [15]. In 
addition, residual porosity, which is often observed in printed parts, may 
cause vacuum degradation due to evacuation of trapped gases [16,17]. 
During the deposition process, pores can both originate from the 
incorporation of inert shielding gas into the molten pools and from 
incomplete melting of the powder material [12]. These defects are 
denoted as gas-induced and lack of fusion porosity, respectively.

Despite these challenges, several studies have suggested the UHV 
compatibility of LPBF [18,19]. The surface roughness of as-built devices, 
including vacuum tubes and chambers [16,20–22], did not result in a 
significant deterioration of the outgassing performance compared to the 
post-processed counterparts with improved surface finish. The feasi
bility of reusing the collected excess powder in subsequent printing 
cycles without compromising material cleanliness was also demon
strated through outgassing tests and residual gas analysis performed on 
Ti6Al4V specimens [23]. However, this finding cannot be readily 
translated to pure copper, since a heavily oxidized recycled powder may 
result in parts with unsatisfactory electrical and thermal properties, as 
well as suffering from structural defects such as intergranular cracks due 
to oxide segregation at grain boundary regions and porosity induced by 
thermal degradation and vaporization of the surface oxide layer found 
on the powder particles [24]. Regarding pure copper components 
operating in vacuum, pump down tests were conducted on additively 
manufactured electrodes installed in a pulsed high-voltage DC system 
for breakdown dielectric testing [25]. In the first run, a gap distance of 
270 μm was set between the anode and the cathode in the system, and a 
vacuum level of 3 ⋅ 10− 8 mbar was achieved after 55 h pump down. In 
the second repetition, a vacuum level of 2 ⋅ 10− 8 mbar was achieved in 3 
h with a gap distance of 115 μm. Promising outgassing and helium leak 
measurements were also performed on pure copper samples manufac
tured by electron beam powder bed fusion (EB-PBF) [5,26], which uses a 
high-energy electron beam to selectively melt the powder material 
deposited in a layerwise fashion [8].

Specific investigations of the UHV performance of pure copper pro
cessed by LPBF have not yet been reported in the literature to the au
thors’ knowledge. The present study aims to address this gap to promote 
the integration of LPBF into the manufacturing practices of pure copper 
components operating in UHV. Pure copper samples were initially 
fabricated by LPBF using a green laser source and characterized to assess 
the material compatibility with UHV in terms of density, chemical pu
rity, and mechanical and physical properties. Subsequently, membranes 
for helium leak testing were manufactured with different thicknesses 
and building orientations to establish the wall thickness limits for high 
purity copper parts produced by LPBF.

2. Materials and methods

Specimens for characterization analyses (Fig. 1(a)) were manufac
tured by Trumpf using a TruPrint 1000 Green Edition machine equipped 
with a TruDisk 1020 green laser source with 515 nm wavelength. A gas 
atomized pure copper powder (m4p™ PureCu, >99.95 % Cu) with 
10–45 μm particle size was employed as feedstock material. The process 
parameters were selected based on previous investigations [11,27,28] 
and are reported in Table 1, where the linear energy density is defined as 
the ratio between the laser power and the laser scanning speed. Argon 
was continuously supplied to the printing chamber to keep the oxygen 
level below 100 ppm.

The oxygen content in the printed parts was measured with a Leco 
RO-116 analyzer, while the possible presence of oxide phases was 
examined by performing X-ray diffraction (XRD) with Co Kα radiation 
employing a Bruker D8 Advance diffractometer. The hydrogen content 
was determined through thermal desorption spectroscopy using a 
Bruker G8 Galileo device. For the analysis, six samples of ~1 g were 
extracted from the printed bars and sanded with a 320-grit SiC abrasive 
paper to remove any surface contamination. In each test repetition, the 
material was melted inside a graphite crucible, while the flow of des
orbed hydrogen was continuously monitored with a thermal conduc
tivity detector. Other elements were detected using an ARL iSpark 8860 
Thermo Scientific optical emission spectrometer. Qualitative observa
tion of as-built surfaces was conducted using a Zeiss Sigma 500 field- 
emission scanning electron microscope (FE-SEM). The density of the 
printed parts was determined through Archimedes’ method, using a 
Mettler Toledo scale filled with distilled water at 20 ◦C. Sections for 
microstructural analysis were cut along and perpendicular to the 
building (z) direction (Fig. 1(b)) and polished to mirror finish following 
standard metallographic procedures. A Nikon Eclipse LV150NL optical 
microscope was used to collect micrographs for image analysis with 
ImageJ software to estimate the fraction of residual porosity. Subse
quent chemical etching was performed using a solution prepared with 
2.5 g FeCl3, 4 ml HCl, and 50 ml water. Vickers microhardness mea
surements were conducted with a Future-Tech FM-700 testing machine, 
applying a load of 50 g for a dwell time of 15 s in the specimen core 
region across ten test repetitions (BS EN ISO 6507–1:2023). A SIG
MATEST 2.069 device based on the eddy current method was used to 
measure the electrical conductivity along planes parallel and normal to 
the building (z) direction to evaluate possible effects of the micro
structural anisotropy (Fig. 1(c)). Measurements were initially performed 
on samples in as-built surface condition and then repeated after grinding 
the parts with a 120-grit SiC abrasive paper to remove the outer porous 
layer and achieve a surface roughness of ~2 μm [29], thus ensuring a 
more accurate estimate of the bulk conductivity of the material. Five 
values were collected for each direction and surface condition, 
employing an operating frequency of 120 kHz. Since the accuracy of 
eddy current testing can be affected by edge effects in relatively small 
parts, additional measurements were performed on a reference annealed 
pure copper sample (>99.99 % Cu) cut from a wrought bar of similar 
dimensions (~15 mm diameter) for comparison purposes. Laser flash 
analysis (LFA) was conducted to determine the thermal diffusivity ac
cording to ASTM E1461-13. Disks with 12.7 mm diameter and ~1.5 mm 
thickness were extracted by electrical discharge machining (Fig. 1(a)), 
with the thickness parallel to the z and x directions, as illustrated in 
Fig. 1(b). Both faces of the specimens were polished up to 6 μm diamond 
suspension and subsequently covered with a thin graphite layer to 
ensure absorption of the laser beam energy during testing. A reference 
sample cut from the annealed pure copper bar was prepared following 
the same procedure. The measurements were conducted with a Linseis 
LFA 1000 machine operating in vacuum (~1.2 ⋅ 10− 2 mbar), employing 
a 350 V laser voltage and 1 ms laser pulse duration. A heating ramp of 
5 ◦C min− 1 was set to collect thermal diffusivity values from room 
temperature to 450 ◦C, with three measurements taken every 25 ◦C, with 
a tolerance of ±7 ◦C.
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Thin membranes for helium leak testing were manufactured using 
the same LPBF setup and printing parameters as for the initial charac
terization samples (Table 1). In this iteration, a gas atomized electrolytic 
tough pitch (ETP, 99.97 % Cu) copper powder with mostly spherical 
morphology (Fig. 2(a)) was employed. The particle size and shape 
characteristics of the powder are shown in Fig. 2(b) and Table 2, along 
with the oxygen, hydrogen, and nitrogen content measured with an 
inductar® ONH cube analyzer. This feedstock material exhibited a pu
rity level and particle size distribution comparable to the mp4™ PureCu 
powder used for the fabrication of characterization samples, allowing 
the data obtained from the first set of samples to be extended to the 
series of membranes printed under the same process conditions.

The design of the membranes features a DN 40 ISO-KF type sealing 
flange, as shown in Fig. 3(a). Membranes with different nominal thick
ness (2.5, 2, 1.5, 1, 0.75, and 0.5 mm) were printed in three different 
orientations relative to the building direction for each thickness value 
(45◦, 67◦, and 90◦, respectively, as illustrated in Fig. 3(b and c)). After 
printing, the parts were detached from the building plate and the sup
port structures were removed. The flange surface was machined to 

ensure tightness during subsequent leakage tests (Fig. 3(d)).
Helium leak tests were conducted at room temperature with a Ley

bold Phoenix 300i equipment, integrating a leak detection system based 
on a mass spectrometer. A schematic of the experimental setup is 
depicted in Fig. 4(a). In this configuration, the test membrane is clamped 
to a standard DN-25 vacuum connector installed at the inlet of the leak 
detector (Fig. 4(b)). The volume below the membrane is first pumped 
down to 10− 3 mbar. When the leak background is below the detection 
limit set for the test (10− 10 mbar l s− 1, according to CERN requirements 
for the qualification of vacuum components [30]), helium is injected 
into the small enclosure above the membrane for ~30 s to achieve a He 
concentration close to 100 %. The detector records the helium leak rate 
when it exceeds the threshold value of 10− 10 mbar l s− 1 due to the 
presence of a leak in the membrane. If no signal is recorded, the part is 
considered vacuum tight.

Following leak testing, the membranes with 1, 0.75, and 0.5 mm 
thickness were sectioned and prepared for microscopy inspection 
following the same metallographic procedures described above. Addi
tional manual and vibratory polishing were conducted for electron back 
scattered diffraction (EBSD) analyses using a 0.03 μm silica colloidal 
suspension. Chemical etching was performed diluting the initial solution 
with distilled water at 1:10 ratio. Local thickness tool in ImageJ software 
was used to measure the actual wall thickness of the sectioned parts to 

Fig. 1. View of the specimens used for analyses (a), definition of cross-sectional planes and sample orientation for LFA (b), and schematics of measurements of the 
electrical conductivity along planes parallel and normal to the building (z) direction (c).

Table 1 
Process parameters used to manufacture characterization 
samples and membranes for helium leak testing.

Parameter Value

Laser power 485 W
Laser scanning speed 600 mm s− 1

Layer thickness 30 μm
Linear energy density 0.8 J mm− 1

Laser spot diameter 200 μm
Hatch spacing 120 μm

Fig. 2. SEM images (a) and particle size distribution (b) of ETP copper powder used to manufacture membranes for helium leak testing.

Table 2 
Particle size, shape characteristics, and oxygen, hydrogen, and nitrogen content 
of the ETP copper powder.

D10 D50 D90 Sphericity O H N

20.5 μm 27.6 μm 37.1 μm 0.92 230 ppm 10 ppm 30 ppm
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compare it with the nominal value and evaluate possible effects of 
building orientation on the dimensional accuracy. An example of the 
measurement procedure is shown in Fig. 5.

3. Results and discussion

3.1. Characterization of LPBF specimens

Fig. 6 shows the surface appearance of LPBF specimens. It should be 
noted that the samples were observed right in as-built conditions. 
Indeed, they were not subjected to any usual cleaning procedures after 

printing, such as through manual brushing or compressed air [31], to 
study their surface characteristics under actual as-built conditions. 
Despite the use of a smaller hatch spacing compared to the laser spot size 
(see Table 1), only partially overlapping scanning tracks are visible on 
the upper surface of the samples, with unmelted particles filling the 
interstices between adjacent tracks (Fig. 6(a)). This is attributable to the 
limited thermal input provided to the last deposited layer, which did not 
receive additional heat from subsequent layers and experienced rapid 
heat dissipation into the underlying consolidated material. As a result, 
the deposited tracks may have solidified without the opportunity of fully 
merging with adjacent and underlying tracks. On the other hand, the 

Fig. 3. Membrane design with DN40 ISO-KF sealing flange (a), schematic of building orientations (b), and view of additively manufactured membranes on the 
building plate (c) and after flange surface machining (d).
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bulk regions of the samples do not display a significant porosity content 
potentially caused by insufficient track overlapping (Fig. 7). This sug
gests that the additional heat absorbed from the successive deposited 
layers contributed to the complete merging of tracks and the healing of 

possible defects present in the inner regions of the printed parts [32]. 
The lateral surfaces of the specimens exhibit a large amount of partially 
melted particles, as evidenced in Fig. 6(b). This feature is typical of parts 
produced by LPBF, because particles from the powder bed in contact 

Fig. 4. Schematic of helium leak test setup (a) and view of clamped test membrane (b).

Fig. 5. Example of average thickness measurement on membrane printed with 0.5 mm nominal thickness and 45◦ building orientation using Local thickness tool in 
ImageJ software: original cross-section micrograph (a), 8-bit image (b), thickness map (c), and thickness distribution (d).

Fig. 6. Surface morphology of as-built specimens in the top (a) and lateral surface (b).
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with the consolidated material at high temperature tend to adhere and 
sinter onto its surface [33]. Irregularly shaped open pores can also be 
observed, along with occasional elongated porosity channels ~5 μm in 
diameter and extending 20–80 μm below the surface, as highlighted in 
the inset of Fig. 6(b). The significant fraction of open porosity, estimated 
as 6.7 ± 0.6 % through image analysis, may be attributed to the rela
tively high scanning speed employed in the LPBF process, which resulted 
in a short interaction time between the laser beam and the melt pool, 
preventing the molten material from distributing evenly in the surface 
regions of the samples [34]. The prominent defects observed on both the 
upper and lateral surfaces of the specimens indicate that a specific set of 
printing parameters could be further optimized for the surface regions, 
considering the reduced thermal input compared to the bulk regions, 
which are reheated and partially melted during the deposition of the 
successive tracks within and across layers.

The microstructure of the material consists of elongated grains ori
ented parallel to the building direction (Fig. 7(a)), as typically found in 
parts manufactured via LPBF [12]. Fig. 7(b) shows the transversal cross 
section of the grains in the xy plane, highlighting the microstructural 
anisotropy resulting from the layerwise building process. Occasional 
lack of fusion defects were observed in the samples, as shown in the inset 
of Fig. 7(a). The fraction of residual porosity determined by analyzing 
the micrographs collected in the core region of the samples is ~0.18 %, 
as reported in Table 3. The density measured by Archimedes’ method 
(~99.34 %) is slightly lower than that estimated by image analysis due 
to the presence of a surface porous layer of ~200 μm, as highlighted in 
the inset of Fig. 6(b). The results of chemical composition analyses are 
provided in Table 4. The oxygen content measured in the samples 
(~440 ppm) is comparable with that specified in the powder feedstock, 
indicating that no significant contamination occurred during the print
ing process. Faint peaks corresponding to Cu2O oxide can be observed in 
the XRD pattern shown in Fig. 8. Cu2O formation at the grain boundary 
regions can be attributed to oxygen exceeding the solubility limit for 
copper at room temperature (~2 ppm [3]) and may be responsible for 
the higher microhardness measured in the printed specimens (75.5 ±
3.2 HV0.05) compared to annealed oxygen-free high conductivity 
(OFHC) copper [35]. This value is also comparable with that found by 
Yan et al. [36] in copper parts fabricated by LPBF employing a feedstock 
with similar purity level. Zinc was also detected at a concentration of 
~111 ppm, while other elements are present in trace amounts. A low 
hydrogen content of ~2.5 ppm was measured in thermal spectroscopy 
analyses.

The results of electrical conductivity measurements are depicted in 
Fig. 9(a). Values are also expressed with reference to the International 

Annealed Copper Standard (58 MS m− 1 = 100 % IACS) and compared to 
the electrical conductivity of the reference material to account for 
possible errors due to the small size of the tested parts. Samples in as- 
built surface condition exhibited a relatively low electrical conductiv
ity, especially along the yz plane (~40 % IACS). This can be attributed to 
the presence of a porous layer on the vertical surfaces of the printed 
parts (see inset of Fig. 6(b)), on which the probe was applied to measure 
the electrical conductivity along the building direction, as schematically 
shown in Fig. 1(c). The thickness of this layer, rich in pores filled with air 
and thus acting as an insulator [11], is of the same order of magnitude as 
the penetration depth of eddy currents, which can be estimated as 

δ=
660
̅̅̅̅̅̅̅̅̅̅̅
f × σ

√ (1) 

where δ is the penetration depth in mm, f is the test frequency in Hz, and 
σ is the electrical conductivity of the material expressed as % IACS [11]. 
After removing the external porous layer, the electrical conductivity 
increased to approximately 100 % IACS, close to the value measured for 
the reference sample. The material exhibited a slightly lower conduc
tivity along the transversal direction compared to the building direction. 
This effect was attributed to the relatively higher density of grain 
boundaries in the xy plane (Fig. 7(b)), which act as scattering sites for 
electrons, thereby reducing the electrical conductivity [37]. On the 
other hand, the elongated grains aligned along the direction of the 
electric current (Fig. 7(a)) promote the flow of conduction electrons.

Regarding thermal diffusivity, the slightly lower values measured 
along the transversal direction compared to the building direction 
(Fig. 9(b)) can also be attributed to the greater abundance of interfaces 
within the xy planes, which reduce the mean free path of electrons and 
hinder heat transfer through the material [38]. However, both curves 
approximately overlap with that of the reference sample and display the 
typical decreasing trend with temperature [39].

3.2. Helium leak testing and membrane analysis

Table 5 reports the outcomes of helium leak testing. The helium 
signal read by the detector is indicated for the membranes that exhibited 
a leak rate above the detection limit of the device, as documented in 
Ref. [40].

Among the eighteen membranes tested, three did not meet the 
tightness requirements, displaying leak rates that can be classified, in 
descending order, as water-, vapor-, and virus-tight, respectively, ac
cording to standard criteria based on the typical size of common refer
ence objects [41]. Samples with nominal thickness down to 1 mm are 
leak tight for all building angles. In the membranes that did not pass the 
leak test, it can be observed that leakage becomes more severe with 
decreasing the nominal thickness, because even minor defects, such as 
the gas-induced and lack of fusion pores highlighted in Fig. 10, can 
account for a significant fraction of the narrow barrier. Grinschek et al. 
[42] observed a similar trade-off between material thickness and defect 

Fig. 7. Microstructure of LPBF specimens along the building (a) and transversal direction (b).

Table 3 
Porosity fraction and density of LPBF samples.

Porosity fraction Density Relative density

0.18 ± 0.11 % 8.90 ± 0.02 g cm− 3 99.34 %
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density in 316L thin-walled parts produced by LPBF. In general, copper 
experiences inherent helium permeation because the helium molecule is 
smaller than the lattice spacing of copper. However, the measurement 
neglects this contribution, taking into account only leakage caused by 
defects in the material [41]. The helium flow due to the entire defect 
population in the specimens investigated can be attributed to a single 
virtual hole of equivalent diameter 

d≈
̅̅̅̅̅
qL

√
⋅102 (2) 

where d is expressed in μm and qL is the measured leak rate in mbar l s− 1 

[41,42]. Therefore, the three membranes that did not pass the leak test 
feature an equivalent defect size of ~0.1, ~5, and ~22 μm, respectively, 
in ascending order of leak rate.

The experimental results indicate that building orientation also plays 
a role, as it determines both the actual part thickness, as discussed 
below, and the extent of the area that is scanned by the laser to obtain 

the designed wall thickness [43]. The scanning length s can be calcu
lated as 

s=
t

sin ϑ
(3) 

where t is the nominal wall thickness and ϑ is the building angle, as 
defined in Fig. 3(b). For 90◦ building angle, the scanning length corre
sponds to the part thickness. On the other hand, for lower building an
gles the scanning length becomes larger than the wall thickness and it 
increases with increasing part inclination during printing, as schemati
cally shown in Fig. 11. A larger scanning length can potentially improve 
the quality of the deposited material by reducing the relative weight of 
the porous and defect-rich outer layer on the overall wall thickness.

The thickness values determined by image analysis of cross-sectional 
micrographs of the membranes are reported in Table 6. The data show 
deviations from the nominal thickness exceeding 30 % in most cases, 
except for membranes manufactured with 45◦ orientation. Notably, 
deviations larger than 50 % were observed in vertically printed 

Table 4 
Chemical composition (in ppm) of LPBF specimens.

O H Zn Si Ag Pb Fe Bi Sb S Cu

442 ± 37 2.5 ± 0.2 111 ± 4 23 ± 9 12 ± 1 12 ± 2 9 ± 7 6 ± 1 6 ± 1 6 ± 1 Balance

Fig. 8. XRD pattern of LPBF specimens, with peaks corresponding to Cu2O 
phase highlighted in the insets.

Fig. 9. Electrical conductivity (a) and thermal diffusivity (b) measured along building and transversal directions. Electrical conductivity values are also given in 
IACS%.

Table 5 
Results of helium leak testing. The test is considered passed (PASS) if 
the helium leak rate is lower than the detection limit (10− 10 mbar l s− 1) 
[40].
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membranes with nominal thicknesses of 0.75 and 0.5 mm, which 
experienced helium leakage. Gruber et al. [11] reported significantly 
lower dimensional deviations (~3–4%, regardless of the feature nominal 
size) in thin vertical walls produced using the same experimental setup. 
This discrepancy may be attributed to the different criteria used for 
evaluating the dimensions. While Gruber et al. [11] performed 3D 
scanning measurements to assess the geometrical accuracy of as-printed 
structures, in the present study the effective thickness of the membranes 
was determined by considering only the compact core, excluding the 
porous outer layers consisting of small individual features that do not 
contribute to preventing helium flow during leak testing. This suggests 

that previous results cannot be readily generalized to thin-walled 
structures intended for UHV applications. Dimensional deviations 
arising from the LPBF process should be carefully considered during the 
design stage. The processing parameters would also require further 
optimization to limit the contribution of the porous surface layer to the 
overall part thickness.

From Tables 6, it can be noted that the effective thickness of the 
membranes increases with the inclination of the part relative to the 
building direction, i.e., moving from 90◦ to 45◦ building angle. The 
thickening of inclined walls results from the staircase effect [43], which 
originates from the discretization of the ideal inclined surface profile 
with discontinuous steps, each corresponding to one deposited layer. 
Furthermore, the progressively longer scanning length enabled by larger 
inclinations (while still within the operational constraints of LPBF 
technology) potentially allows obtaining a greater thickness of compact 
material, as discussed earlier.

Fig. 12 shows the microstructure of the additively manufactured 
membranes. As previously noted in Fig. 7, grains are mostly aligned 
along the building direction for all different part orientations. This is 
also evidenced in the inverse pole figure (IPF) maps. The poor indexing 
observed in some IPF images (e.g., in Fig. 12(c)) can be attributed to an 
imperfect surface preparation of the samples, probably caused by the 
release of fine graphite particles from the conductive resin used to 
embed them during polishing operations. A marked difference in grain 
size can be noticed between the membranes of 0.5 mm nominal thick
ness manufactured with different orientations. The part printed with 45◦

building angle is composed of relatively finer grains, which are generally 
associated with reduced risk of leaks [44]. On the other hand, in 

Fig. 10. Lack of fusion and gas-induced porosity observed in membranes manufactured with 90◦ building angle and nominal thickness of 1 mm (a), 0.75 mm (b), and 
0.5 mm (c).

Fig. 11. Schematic illustration of scanning length as a function of the building angle.

Table 6 
Average thickness of additively manufactured membranes measured 
through image analysis.
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membranes printed at 67◦ and 90◦ inclinations, the entire thickness 
consists of few large columnar grains. This suggests that coarse 
columnar microstructure, in combination with low effective thickness, 
may increase the likelihood of leakage due to the presence of even minor 
defects in the material.

4. Conclusions

In this work, the characteristics of pure copper parts fabricated by 
laser powder bed fusion using a green laser source were investigated to 
assess their suitability for ultra-high vacuum applications. Membranes 
with varying nominal thickness (0.5–2.5 mm) and building orientation 
(45◦, 67◦, and 90◦) were also manufactured and tested for helium 
leakage with 10− 10 mbar l s− 1 detection limit.

As-printed parts were almost fully dense and exhibited an oxygen 
content comparable to the feedstock material and a negligible hydrogen 
content, indicating that no significant bulk contamination occurred 
during the manufacturing process. The higher microhardness of the 
material compared to pure copper in annealed state was attributed to the 
presence of Cu2O oxides at grain boundary regions. The anisotropic 
microstructure originating from the layerwise deposition process 
resulted in slightly lower electrical conductivity and thermal diffusivity 
along the transversal direction compared to the building direction. 
However, the overall material exhibited physical properties comparable 
to pure copper standards.

The effective wall thickness of the printed membranes was 

significantly lower than the nominal values for all design settings, due to 
the presence of a porous surface layer not acting as a barrier for helium 
flow during leakage testing. This suggests the need to carefully account 
for dimensional deviations arising from the deposition process at the 
design stage and to further optimize the printing parameters to minimize 
the contribution of the porous surface layer to the overall membrane 
thickness. The 45◦ building orientation allowed achieving thicknesses 
closer to the design criteria. This was primarily attributed to the 
increased staircase effect and laser scanning length enabled by larger 
inclinations, resulting in the deposition of larger layers of compact 
material. Conversely, membranes produced with 67◦ and 90◦ orienta
tions showed greater deviations from the design specifications and did 
not meet the tightness requirements for nominal thicknesses below 0.75 
mm. The performance of these membranes was likely affected by re
sidual porosity due to gas incorporation and incomplete powder melting 
during the printing process, which accounted for a significant fraction of 
the barrier thickness and is typically associated with vacuum degrada
tion due to evacuation of trapped gases.
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Project administration, Funding acquisition. Toms Torims: Supervision, 
Resources, Project administration, Funding acquisition, Conceptualiza
tion. Maurizio Vedani: Writing – review & editing, Supervision, Re
sources, Project administration, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

This work was carried out as part of the I.FAST project within the 
framework of the European Union’s Horizon 2020 Research and Inno
vation program under grant agreement No 101004730 and was sup
ported by the Latvian Council of Science under grant agreement VPP- 
IZM-CERN-2022/1-0001.

Authors would like to acknowledge the support given by Nino Mori 
for elemental and spectrometry analyses and Dr. Giorgia Lupi for eddy 
current measurements. Dr. Tim Boot, Prof. Vera Popovich, and Dr. 
Richard Huizenga at the Department of Materials Science and Engi
neering of TU Delft are also aknowledged for hydrogen content mea
surements and X-ray diffraction analysis.

Data availability

Data will be made available on request.

References

[1] V. Dolgashev, S. Tantawi, Y. Higashi, B. Spataro, Geometric dependence of radio- 
frequency breakdown in normal conducting accelerating structures, Appl. Phys. 
Lett. 97 (2010), https://doi.org/10.1063/1.3505339.

[2] D. Gamzina, M. Kozina, A. Mehta, E.A. Nanni, S. Tantawi, P.B. Welander, T. Horn, 
C. Ledford, Copper reconsidered: material innovations to transform vacuum 
electronics, Proc. 20th Int. Vac. Electron. Conf. (2019) 1–2, https://doi.org/ 
10.1109/IVEC.2019.8744750.

[3] T.J. Horn, D. Gamzina, Additive manufacturing of copper and copper alloys, Addit. 
Manuf. Process. (2020) 388–418, https://doi.org/10.31399/ASM.HB.V24. 
A0006579.

[4] P. Romanescu, D. Omidvarkarjan, J. Ferchow, M. Meboldt, Evaluation of the ultra- 
high vacuum suitability of laser powder bed fusion manufactured stainless steel 
316L, Int. Conf. Addit. Manuf. Products Appl. (2024) 407–422, https://doi.org/ 
10.1007/978-3-031-42983-5_27.

[5] D. Gamzina, N.C. Luhmann, C. Ledford, T. Horn, I. Karakaut, L. Lin, P. Frigola, 
Additive vacuum electronics: electron beam melting of copper, Proc. 18th Int. Vac. 
Electron. Conf. (2017) 1–2.

[6] L. Faillace, L. Palumbo, B. Spataro, A. Fukasawa, B.D. O’Shea, J.B. Rosenzweig, 
P. Frigola, Development of an ultra-high repetition rate S band RF gun for the 
SPARX project, in: Proc. IEEE Part. Accel. Conf., 2009, pp. 1815–1817.

[7] C.R. Wolf, F.B. Beck, L. Franz, V.M. Neumaier, 3D printing for high vacuum 
applications, in: Proc. 22nd Int. Conf. Cyclotrons Their Appl., 2020, pp. 318–321, 
https://doi.org/10.18429/JACoW-Cyclotrons2019-THC04.

[8] T. De Terris, T. Baffie, C. Ribière, Additive manufacturing of pure copper: a review 
and comparison of physical, microstructural, and mechanical properties of samples 
manufactured with Laser-Powder Bed Fusion (L-PBF), Electron Beam Melting 
(EBM) and Metal Fused Deposition Modelling (MFDM) technologies, Int. J. Mater. 
Form. 16 (2023), https://doi.org/10.1007/s12289-023-01755-2.

[9] Q. Jiang, P. Zhang, Z. Yu, H. Shi, D. Wu, H. Yan, X. Ye, Q. Lu, Y. Tian, A review on 
additive manufacturing of pure copper, Coatings 11 (2021) 740, https://doi.org/ 
10.3390/coatings11060740.

[10] Y. Aghayar, P. Moazzen, B. Behboodi, A. Shahriari, S. Shakerin, A. Lloyd, 
M. Mohammadi, Laser powder bed fusion of pure copper electrodes, Mater. Des. 
239 (2024) 112742, https://doi.org/10.1016/j.matdes.2024.112742.
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