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Abstract

:

Linear particle accelerators (Linacs) are primarily composed of radio frequency cavities (cavities). Compared to traditional manufacturing, Laser Powder Bed Fusion (L-PBF) holds the potential to fabricate cavities in a single piece, enhancing Linac performance and significantly reducing investment costs. However, the question of whether red or green laser PBF yields superior results for pure copper remains a subject of ongoing debate. Eight 4.2 GHz single-cell cavities (SCs) were manufactured from pure copper using both red and green PBF (SCs R and SCs G). Subsequently, the surface roughness of the SCs was reduced through a chemical post-processing method (Hirtisation) and annealed at 460 °C to maximize their quality factor (  Q 0  ). The geometric accuracy of the printed SCs was evaluated using optical methods and resonant frequency (  f R  ) measurements. Surface conductivity was determined by measuring the quality factor (  Q 0  ) of the SCs. Laser scanning microscopy was utilized for surface roughness characterization. The impact of annealing was quantified using Energy-Dispersive X-ray Spectroscopy and Electron Backscatter Diffraction to evaluate chemical surface properties and grain size. Both the SCs R and SCs G achieved the necessary geometric accuracy and thus   f R   precision. The SCs R achieved a 95%   Q 0   after a material removal of 40 µm. The SCs G achieved an approximately 80%   Q 0   after maximum material removal of 160 µm. Annealing increased the   Q 0   by an average of about 5%. The additive manufacturing process is at least equivalent to conventional manufacturing for producing cavities in the low-gradient range. The presented cavities justify the first high-gradient tests.
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1. Introduction


More than 30,000 particle accelerators are used worldwide for a wide range of applications [1]. A large fraction of these accelerators are linear particle accelerators (Linacs). Some of the most prominent fields of application include radiation therapy, the production of radioisotopes for medical diagnosis and therapy, food sterilization, the X-ray inspection of components, buildings, offshore containers, radiation hardening, the doping of microchips, material analysis, and fundamental research [1,2,3,4,5]. The vast majority of all Linacs are based on radio frequency (RF) cavities (hereafter referred to as cavities) [1,2]. Cavities are structures made of highly conductive materials (e.g., aluminum, copper, and superconductors) that enclose a vacuum volume. If an RF signal is coupled into the cavity whose frequency corresponds to the resonant frequency of the cavity (  f R  ), more energy is stored in the cavity than is dissipated by ohmic losses. The electric field (E-field) component, in the order of several hundred megavolts per meter, results in the cavity after many RF cycles have been used to accelerate the charged particles (e.g., electrons or protons) [2].



To enable efficient acceleration, the E-field must be concentrated on the beam axis, and the particles must be shielded from unwanted, decelerating field phases. For this purpose, among others, the internal geometry of most cavities is very complex, which is why they are conventionally manufactured in many individual parts. Subsequently, the single parts are joined through assembly methods such as brazing, electron beam welding, etc., to achieve vacuum tightness and optimal electric conductivity [6,7]. A series of consecutive precision steps incurring significant time and cost expenditures is necessary to manufacture complex cavity strutures. Considering the variability of cavity geometries and the fact that they can be different even in the same accelerator system, this manufacturing approach is almost impossible to automate. Thus, conventional cavity manufacturing constitutes a substantial portion of the capital investment costs associated with Linac systems [8,9,10]. Furthermore, it imposes limitations on cavity performance, serves as a source of defects during manufacturing, and obstructs the realization of new cavity designs [3,7].



Compared to conventional manufacturing processes, additive manufacturing (AM or colloquially known as 3D printing) allows the realization of highly complex geometries and thus customized and highly optimized components with improved performance. At the same time, material waste is minimized, and rapid prototyping is made possible [11,12,13]. The number of research projects that utilize these advantages to produce cavities is constantly increasing. Usually, normal conducting S band cavities, on which a large part of Linacs worldwide is based, are made of high-purity copper due to their exceptional electrical and thermal conductivity. Since their fabrication requires micron-level geometric precision, and sub-micron low surface roughness is beneficial to their performance, the laser powder bed fusion (L-PBF) process with subsequent surface post-processing is currently considered the best option for AM cavities [14,15].



During various research projects, several normal conducting copper cavity prototypes have been fully or partially manufactured with L-PBF. These included, among others, an interdigital H-mode cavity (433 MHz) [16,17], a high-frequency quadrupole (   f R   =  750    MHz) [18,19], a quarter wave cavity resonator (   f R  = 6   GHz) [20], a 3 GHz drift tube cavity [21,22] and single cells for Side-Coupled Cavity Linac Structures [23]. Through the various prototypes and other studies, it has been shown, among other things, that the following have been achieved:




	
The fabrication accuracy of L-PBF is sufficient to produce cavities with a resonant frequency lower than 4.2 GHz [23].



	
The manufactured cavities reach an inner pressure of less than   2 ·  10  − 7     mbar [22,24].



	
A quality factor   Q 0   as in conventional manufacturing is achieved by electrochemical post-processing [23,25].



	
Manufacturing costs can be reduced by up to 70% using AM [21,22].








However, the evaluation of prototypes in high-gradient operation (at high coupled power), where surface defects can lead to voltage breakdowns that potentially damage the cavity, is still pending. Nevertheless, it has been shown that AM copper surfaces can withstand E-fields resulting from pulsed DC voltages up to approx. 40    MV m    [26].



Despite all the advantages that AM offers, there are also significant pitfalls, especially for new users or customers. DIN and ISO standards, which were developed for conventional manufacturing, lose their relevance or are not applicable at all. Examples of this include dimensional parameters such as the arithmetic average of profile height deviations from the mean line   R a   and the maximum peak to valley height of the roughness profile   R z   for characterizing surface roughness [23,27]. The build quality is highly dependent on the printing parameters, part orientation, machine settings, and the diligence of the operators. Ultimately, the L-PBF systems from different manufacturers also exhibit significant variations. The choice of which machine to procure for a research project or to use for prototyping thus determines the achievable build quality, building size, and final cavity properties.



For high-performance components like cavities, it is imperative to optimize the manufacturing process for maximum performance. Especially in the case of pure copper cavities, a fundamental discussion arises in the community about whether an L-PBF system based on a red (1030 nm) or green (515 nm) wavelength laser should be used (hereinafter referred to as red and green laser). The absorption of the laser power for pure copper is at least a factor of 5 higher at 515 nm than at 1030 nm [28]. Since only one-fifth of the laser power is required to melt the material, L-PBF systems with green lasers could promise a more stable process with defined melt pools for dense material [29,30]. However, green laser systems have thus far exhibited significantly poorer focusing properties compared to red lasers. Machines equipped with red lasers thus have the possible potential to produce higher geometric accuracy and lower surface roughness [29,30,31].



In this work, we compare the printing quality of single-cavity (SC) prototypes (   f R  ≈ 4.2   GHz) manufactured using L-PBF systems with lasers in the green and red wavelength ranges (subsequently referred to as SC R or SC G). Four SCs were printed on both an EOS M290-1kW (SC R) and a TruPrint1000 Green Edition (SC G) to evaluate the geometric accuracy and electrical surface conductivity by measuring the   f R   and their unloaded quality factor   Q 0  . In addition, the material density  ρ , surface topology, and microstructure at the inner surfaces have been analyzed.




2. Materials and Methods


2.1. 4.2 GHz Cavity Prototype Design


L-PBF has the disadvantage that support structures are necessary to produce overhanging geometries (downskin sections, angle between geometry, and building platform   <  40 ∘   ) with a certain print quality (accuracy and roughness). These support structures provide temporary stability by anchoring the downskin sections to the build platform or previously printed parts of the geometry [32]. The removal of support structures from complex inner cavity geometries is possible, as we have already shown, but involves additional effort [25]. For this study, we therefore decided to adopt the self-supporting cavity geometry already presented in an earlier paper, in which downskin sections are reduced as far as possible [23]. Figure 1a shows the CAD drawing of the cavity in perspective. Figure 1b–d show the Y–X, Z–Y, and Z–X sections of the cavity geometry, respectively. The printing direction (building direction) corresponds to the z direction. In the following sections, we refer to the respective axes and planes.



The SCs are comparable to the unit cell cavities used in biperiodic side-coupled Linacs (SCCLs) [23]. However, unlike for their use in an SCCL, the geometry is provided with two coupling holes via which RF signals can be coupled in and out to feed or probe the RF field in the cavity. The electromagnetic behavior of the cavity was simulated with CST Microwave Studio® [33]. The E- and B-field distributions are shown in Figure 1e,f in the Z–X plane.



The simulated resonant frequency   f R   of the cavity is 4260.1 MHz. The simulated unloaded quality factor   Q 0   is 8100. The angle between building platform and downskin sections is always ≥45°. As shown in [23], this cavity geometry can be manufactured using green laser L-PBF with the required accuracy for resonant frequencies below 4260 MHz. For the studies shown, the cavity geometry was also chosen because of its compact dimensions, which enable easy handling, as well as cost- and material-saving production.




2.2. L-PBF Process


Green laser machine: We used a TruPrint1000 Green Edition equipped with a TruDisk1020 green laser (  λ = 515   nm) and a maximum laser power of 0.5 kW of Fraunhofer IWS, Dresden, for manufacturing the cavities. The beam spot diameter at the laser focus point measures 210 µm. The pre-set pure copper manufacturing technological parameters and algorithms were used for the manufacturing process. The process parameters used have demonstrated relative densities exceeding 99.9% and electrical conductivity surpassing 100% IACS for pure copper by Gruber et al. [31]. PureCu® from m4p® was used as the raw material. The chemical composition corresponds to Cu (  99.95 %  ), Ag (<  0.01 %  ), Bi (<  0.01 %  ), Pb (<  0.01 %  ), O (  0.023 %  ), and a residue (  0.01 %  ). The particle size distribution corresponds to   d 10 = 19   µm,   d 50 = 26   µm, and   d 90 = 36   µm.



Red laser machine: We used an EOS M290-1kW equipped with a Yb fiberlaser (  λ = 1064   nm) to manufacture the SC with red laser. The beam spot diameter at the laser focus point measures around 85 µm. The utilized process parameters are those developed by the manufacturer EOS, which have demonstrated relative densities exceeding 99.6% and electrical conductivity around 100% IACS for pure copper [34]. Again, not pure copper but EOS “CuCp” was used as the raw material.




2.3. Post-Processing


In line with prior studies, the process of Hirtisation® developed by RENA Technologies Austria [35] was used to diminish surface roughness post-printing [22]. Hirtisation® was also identified as the most promising post-processing method in a study on the post-processing of waveguide components [36]. Hirtisation® utilizes a combination of chemical/electrochemical processes to eliminate sintered-on particles or support structures. It also smoothens the component surface by selectively removing protruding portions of the surface profile more rapidly than recessed areas. In our case, the process employs Cu-Auxilex and Cu-Delevatex process media, also developed by RENA Technologies Austria GmbH [35]. In contrast to other processes for reducing the surface roughness of AM parts, only liquid media were used, which makes it possible to process small or difficult-to-access geometries. The desired material removal was determined by monitoring the material removal using a micrometer caliper on the outer geometries of the SCs. In earlier studies, it was noted that the gas bubbles produced by chemical processes, which always rise along the same paths in the process bath on the geometry surface, lead to an asymmetric material removal [23]. Asymmetric geometries lead to E-field peaks, which potentially promote breakdown phenomena in high-gradient operation. It was therefore decided to divide the process time required for the desired material removal into four equal time periods, between which the orientation of the SCs in the process bath was changed by 90 degrees. The axis of rotation corresponds to the beam axis of the SCs.



The SCs were then annealed at a temperature of 460 °C in a Heraeus RE 1.1 vacuum tube furnace. The temperature was kept constant for 5 h, while the pressure in the vacuum tube remained between   10  − 7    and   10  − 6    mbar during the entire process.




2.4. RF Measurements


Resonant frequency (  f R  ) and Q factor (  Q 0  ) were assessed through   S 21   measurements using a Siglent SNA5012A vector network analyzer (VNA) and two coupling loop probes (CLPs). Calibration of the VNA was performed at the top of the CLPs. Both CLPs were mounted on translation stages to attain optimal and consistently repeatable positioning accuracy.



Evaluation of dimensional accuracy: The geometric accuracy can be characterized by comparing the measured   f R   with the simulated   f R  .   f R   is proportional to    1   L C     , where L corresponds to the inductance, and C corresponds to the capacitance of the cavity. Since each geometrical deviation causes a change in L and C, the measurement of   f R   cannot be used to infer a deviation at a specific location in the cavity.



An abrasion of a certain thickness in the cavity differently influences L and C of the hole structure. However, an abrasion of material at the drift tube nose has by far the largest impact on the resonance frequency   f R  . For example, a material abrasion of 10 µm at the drift tube noses changes their distance by   Δ d = 20   µm and results in a frequency shift of   Δ  f R  = 4.2   MHz according to a simulated dependency of      Δ  f R    Δ d    = 0.21   MHz  μ m     . In the following, the frequency shifts   Δ  f R    are partially illustrated as a geometry deviation of the drift nose distance   Δ d  .



Evaluation of electrical surface conductivity: The quality factor of a cavity can be expressed as    Q 0  =     ω R  W  P    . Here, P is the power loss per RF cycle with frequency   2 π  f R  =  ω R    in the cavity walls, and W is the energy stored in the cavity. Moreover,    Q 0  = G  σ 0  δ  , where G depends only on the geometry of the cavity, and    σ 0  δ   denotes the RF surface conductivity   σ  S 0   . For annealed copper, the electric conductivity   σ 0   corresponds to   58.1   MS m    . The skin depth  δ  corresponds to ≈1 µm for an   f R   of 4260.1 MHz. Assuming that G corresponds to that simulated by CST for the given geometry, an ideal    Q  0 sim   = 8100   is calculated. Thus, a mean surface conductivity (  σ S  ) is extracted from a measured Q factor (  Q 0  ) by    σ S  =  σ  S 0   ·    Q 0   Q  0 sim       [20].




2.5. Measurement on the Inner Cavity Surface


Following RF measurements, the SCs were cut in halves for inner surface evaluation through 3D optical scanning, roughness measurement, and microstructure analysis.



3D optical scanning: To create false color plots from the deviation of the printed geometry from the planned geometry (CAD file), thereby aiding in visualizing surface features, a Keyence VR-5000 system was employed utilizing structured light with 40× magnification and an automated stage. The measurement accuracy with image stitching is ±4 µm.



Surface roughness measurement: Surface roughness was characterized using the area root mean square average   S  q λ   , as introduced in [23]. This metric is similar to   S q   defined in the ISO 25178 standard [37] but employs a different high-pass filter (  λ c   filter) setting to eliminate surface waviness arising from the copper powder size. A Keyence VK-X3000 laser scanning microscope with a 20× extra-long working distance (ELWD) lens was used for surface characterization.



Data processing followed the method outlined in [23]. As depicted in Figure 2, roughness measurements were conducted at five locations on the inner cavity surface (compare Figure 1c). Red and green text indicated measurement points on the nose cone and cavity sidewall, respectively. Locations A and B corresponded to upskin and downskin surfaces defined from the printing direction, respectively, while positions C, D, and E represented normal surfaces relative to the building platform. Each location encompassed an approximately   4   mm 2    area for evaluation.



The measured surface profiles underwent post-processing using Keyence software functions: Noise removal (set to “High”) and Missing data removal. Following the method outlined in [23], the gradient model [38] was used to evaluate     σ S   σ  S 0      based on surface roughness. For the AC surface resistance, surface changes that occur with a wavelength   λ > > δ   can be considered as flat [38], where  δ  is the skin depth of copper. To consider only the surface variations under these conditions, a high-pass filter (  λ c  -filter) was applied. We defined   λ c   as the copper powder size   d 50  , setting    λ c  = d 50 = 26   µm. To demonstrate the impact of   λ c   onto the roughness analysis, the data were additionally evaluated with    λ c  = 14   µm.



The lateral resolution of the Keyence VK-X3000 with the 20× ELWD lens is approximately 0.75 µm. After Hirtisation®,   S  q λ    is expected to be considerably smaller than 1 µm. It is necessary to determine whether high-frequency surface variations exist that cannot be resolved using the optical method (  λ < 0.75   µm) but are relevant for   S  q λ   .



To investigate this, the surfaces of two SCs, one produced with a red laser and the other with a green laser, were examined using an atomic force microscope (AFM). Six measurements were performed on SC R and SC G. Three of the six were each on a surface of the Z–Y and X–Y plane. Each measurement covered a 25 µm × 25 µm area with a 10 nm lateral resolution. For frequency-dependent analysis,   S  q λ    was evaluated using cutoff wavelengths (  λ c  ) of 10 µm, 2 µm, and 0.5 µm. Figure 3 illustrates surface profiles of an SC produced with a red laser, which was post-processed with different   S  q λ    values. Decreasing   S  q λ    (from (a) to (d)) reveals roughness while retaining waviness.



Averaged over all 12 positions,   S  q λ    values for different   λ c   values were obtained:    S  q ∞   =  ( 158.0 ± 70.8 )    nm,    S  q 10 μ m   =  ( 73.7 ± 28.6 )    nm,    S  q 2 μ m   =  ( 15.5 ± 4.0 )    nm, and    S  q 0.5 μ m   =  ( 5.9 ± 0.8 )    nm. Considering the lateral resolution of 0.75 µm of the Keyence VK-X3000, AFM measurements indicate the presence of high-frequency roughness   S  q 0.75 μ m    below approximately 10 nm. The overall roughness   S  q λ    measured with the Keyence VK-X3000 after Hirtisation® is expected to be less than 300 nm (see Section 3.3). Since the contribution of high-frequency roughness (wavelengths smaller than 0.75 µm) to this overall roughness (wavelengths smaller than   λ c  ) is negligible, surface roughness in this work was determined using the optical method only.



Material density, microstructure, and chemical analysis:



Despite achieving densities over 99.9% as standard with red and green laser L-PBF, this was confirmed through the examination of various micrographs from nose cone geometries manufactured with red and green lasers. Micrographs were captured for both X–Y and Z–Y plans of test prints of the nosecone geometries. The samples underwent embedding in resin and subsequent polishing. Density determination was conducted using images captured with the Keyence VK-X3000.



To analyze the microstructure, EBSD (Electron Backscatter Diffraction) measurements were performed on SC sample geometries produced with red and green lasers before and after annealing. Both the X–Y and Z–Y planes were examined for each SC sample geometry. Due to the skin effect, the microstructure of the inner cavity surface is of particular interest. The Z–Y plane was therefore examined at or as close as possible below the inner cavity surface, whereby, in contrast to the X-Y plane, three measurements were carried out on each sample. The copper samples were grinded with SiC paper with grid sizes of 600, 1200, 2500, and 4000. In the subsequent polishing steps, diamond pastes using water as lubricant with diamond particle sizes 3 µm and 1 µm was applied. To remove any surface deformation, samples were finally electrolytically polished with a LectroPol 5 device using Electrolyte D2 (both supplied by Struers, Copenhagen, Denmark). The best polishing results were obtained by cooling the electrolyte to approx.   −  5 ∘    to   0 ∘   and applying a voltage of 25 V and a flow rate of 15 to 40 s. The EBSD investigation was performed with a Scanning Electron Microscope Tescan Mira 3 (Tescan, Brno, Crech Republic) equipped with an EBSD Detector (Oxford Nanosystems Ltd. Abingdon, UK). The acceleration voltage was set to 30 KV, and a step size of roughly 2.5 µm was used. For determination of the grain size, the results of typically 3 different areas with sizes of 2.5 × 1.9 mm were combined. To define a grain boundary, a misorientation angle of   5 ∘   was defined. Grains on the border of the area of interest and grains smaller than 10 pixels were excluded from the analysis. The equivalent circle diameter, the horizontal and vertical line intercept, and the misorientation angle distribution of the grain distributions were determined from the EBSD measurements.



Energy-dispersive X-ray spectroscopy (EDS) was used to investigate whether the manufacturing process, in particular post-processing, results in impurities on the surface. For this purpose, small samples were mechanically cut off the outsides of the SCs. For the EDS spectra, 2048 × 1536 single measurements were summed up and carried out on an area of 3.61 mm × 2.71 mm. The measurement time per single measurement was 35 µs. The accelerator voltage was 5 kV.





3. Results


Figure 4 shows photographs of the final states of individual single cavities (SCs). The top row shows SCs produced using a red laser (R), while the bottom row shows those produced with a green laser (G). Each SC is labeled 1 through 4, corresponding to specific SCs within the respective laser types. SCs labeled 1 underwent no post-processing after printing. SCs labeled 2, 3, and 4 underwent material removal through Hirtisation®, with removal depths of 40 µm, 100 µm, and 160 µm, respectively. Figure 5 displays one half-cut each from the individual SCs in their final state, referencing Figure 4. Additionally, Figure 6 presents height profiles of the individual SC halves from Figure 5, captured using the Keyence VR-5000. It is crucial to note that the microscope’s imaging accuracy is limited to areas with lateral extension relative to its objective. Angles close to   90 ∘   relative to the microscope stage, such as the inside of the drift tube or the cell interior’s edge, may exhibit artifacts. Asymmetric features arising from the post-processing procedure are indicated by black and white arrows.



3.1. Density


Figure 7 depicts micrographs of the X–Y and Z–Y planes of a nose cone geometry printed using both red laser (R) and green laser (G). To generate high-resolution images, we stitched numerous individual images at high magnification, resulting in the contrast patterns observed in the images. Image analysis reveals densities of 99.68%, 99.63%, 99.76%, and 99.79% for R (a), R (b), G (a), and G (b), respectively. The densities for green laser (G) slightly lagged behind the potential densities achievable (>99.9% [31,34]). The small dark contrasts mark open-volume defects that are summed up to obtain their relative fraction of the whole volume.




3.2. Resonance Frequency   f R  


Table 1 presents the measured   f R   values for the individual SCs post-printing. The measurement error of approximately 0.2 MHz for each value arose from (a) the positioning accuracy of the Coaxial Launch Probe (CLP) relative to its simulated position in CST and (b) the accuracy of the VNA calibration. The mean resonance frequency    f ¯  R   of the SC R and SC G deviated from the simulated   f R   of 4260.1 MHz by 0.7 MHz and 3.9 MHz, respectively. The maximum deviation of the individual   f R   values was 2.7 MHz and 5.0 MHz, respectively. The maximum deviation of the individual   f R   from    f ¯  R   corresponds to 1.1 MHz and 1.0 MHz, respectively.



Table 2 presents the measured   f R   values for the individual SCs after Hirtisation® and annealing. SC R1 and SC G1 exhibited no significant change in the   f R   within the measurement uncertainties compared to after printing. Hence, the influence of the annealing process on the geometry can be considered negligible.



The measured   f R   values for the individual SCs after printing and after Hirtisation® are summarized in Figure 8. SCs R are represented in red, while SCs G are depicted in green.




3.3. Surface Roughness   S  q λ   


Table 3 provides a summary of the measured surface roughness   S  q λ    at the designated locations indicated in Figure 2 for SC R1 and SC G1 as measured with the Keyence VK-X3000 for a lateral upper cutoff wavelength of 26 µm (  S  q 26 μ m   ) and 14 µm (  S  q 14 μ m   ). SCs 2, 3, and 4 remained intact for post-processing and were consequently examined internally afterward. The average roughness    S ¯   q λ    of SC G1 was approximately 43% higher than that of SC R1.



Table 4 provides a summary of the measured surface roughness   S  q λ    at the designated locations marked in Figure 2 for all SCs. It is evident that the average roughness for both manufacturing methods decreased with increasing material removal. For SCs R, the most substantial reduction in    S ¯   q λ    occurred with a removal of the first 40 µm. Conversely, for SCs G, a removal of at least 100 µm was necessary for a significant decrease in    S ¯   q λ   . Following a removal of 160 µm, SCs R exhibited an approximately   80 %   lower    S ¯   q λ    compared to SCs G.




3.4. Quality Factor   Q 0  


Table 5 displays the measured   Q 0   values for the individual SCs post-printing. The average   Q 0   of SCs R and SCs G corresponds to approximately 42% and 22% of the simulated    Q 0  = 8100  , respectively. Similar to   f R  , the measurement error of the individual values arose from (a) the positioning accuracy of the Coaxial Launch Probe (CLP) relative to its simulated position in CST and (b) the accuracy of the VNA calibration.



Table 6 shows the measured   Q 0   values for the individual SCs after Hirtisation®. For SC R2, SC R3, and SC R4, the   Q 0   increased by 126%, 133%, and 140% compared to after printing SC R1 (see Table 5). For SC G2, SC G3, and SC G4, the   Q 0   increased by 100%, 241%, and 283% compared to SC G1 after printing.



Table 7 presents the measured   Q 0   values for the individual SCs after Hirtisation® and annealing. SC R1 exhibited a notable increase in the   Q 0   of approximately   60 %  . However, the   Q 0   values for SC R2 to SC R4 only showed marginal increases of approximately   3 %   to   4 %   compared to those shown in Table 6. Conversely, SC G1 showed no significant increase in the   Q 0   due to annealing. SC G2 experienced an increase of approximately   11 %  , while SC G3 and SC G4 showed increases of around   5 %  .



The measured   Q 0   values of the individual SCs after printing, Hirtisation®, and annealing are summarized in Figure 9. SCs R are represented in red, while SCs G are depicted in green. Crosses indicate the SC before, and circles denote the SC after annealing.



Figure 10 displays the measured   Q 0   of the individual SCs after printing, Hirtisation®, and annealing, which are plotted against   S  q λ   . Dots with crosses represent the values corrected with   λ = 26   µm and   λ = 14   µm—the “cutoff” filter. The black dashed line represents the expected   Q 0   values according to the gradient model. With a cutoff wavelength of    S  q λ   = 26   µm, neither the measured   Q 0   of the SC R nor that of the SC G corresponds to the gradient model. Looking at the roughness, the deviation is in the order of magnitude of the measured value itself. For    S  q λ   = 14   µm, only SC G2, SC G3, and SC G4 correspond to the gradient model within the scope of the measurement uncertainty. All other SCs showed deviations from the model, but these were significantly smaller compared to the deviations of    S  q λ   = 26   µm.




3.5. Impact of Annealing


The annealing process resulted in a white coating forming on the quartz tube of the vacuum furnace, likely attributed to outgassing from the SCs. Consequently, we conducted a more detailed analysis to determine which process was responsible for the increase in the unloaded quality factor.



Energy-dispersive X-ray spectroscopy (EDS) revealed the coating in the quartz tube of the vacuum furnace as copper(I)-chloride (CuCl). Figure 11a displays an EDS map of the sample, with the sample carrier depicted in blue (carbon). To identify the source of CuCl, sections of the SCs were analyzed post-additive manufacturing (Figure 11b), post-Hirtisation® (Figure 11d), and post-annealing (Figure 11e). Figure 11c shows a section of b enlarged. Figure 11f presents the EDS spectra after printing, Hirtisation®, and annealing, as well as the EDS spectra of CuCl. Spectra normalized to 1 with respect to the copper peak are shown. Figure 11g shows the chlorine peaks in detail. The chlorine content increased post-Hirtisation® from 0.3% up to 0.8% but decreased significantly to 0.1% after annealing. However, EDS analysis has limitations when analyzing thin layers. Due to the energy requirements for chlorine excitation, an accelerator voltage of 5 kV was used. We simulated that the average penetration depth of 5 keV photons in copper and chloride was approx. 50 nm. If the layers to be analyzed are significantly thinner, as we assumed in the case of CuCl, the determination of CuCl concentrations will be effected. Nevertheless, the post-processing can be evaluated based on the relative change.



In addition, aluminum oxide (AlO) was found on the sample after printing (see, Figure 11b,c), which resulted in the high Al peak in the spectrum. The AlO was removed by the Hirtisation® process (see Figure 11d), causing the Al peak in the spectrum to disappear and the O peak to decrease. It is also noticeable that the oxygen content dropped again after annealing. This could be due to CO2 or H2O dissolving from the surface at high temperatures. It is not clear where the AlO came from. Contamination of the powder can be ruled out, as the AlO vanished after Hirtisation® was applied. We therefore tend to assume contamination with Al during the preparation of the sample (during cutting or similar). This thesis is also supported by the fact that aluminum (660 °C) has a melting temperature that is below that of copper (1085 °C). However, the impurity appears to be local and not fused with the copper.



Figure 12 shows exemplary electron backscatter diffraction (EBSD) maps of sample geometries produced with red (a) and green (b) lasers before and after annealing. The first column displays micrographs parallel to the building direction (Z–Y plane), while the second column shows the X–Y plane. The grain orientation preferably corresponds to an orientation of [100] or [101] perpendicular to the building direction, whereby the preferred orientations depend on the cooling rate [39] and the melt pool geometry [40,41,42]. Independent of the production process, a significant spatial variation of the microstructure was found in every sample. However, a careful statistical analysis shows that the grain sizes were in the range of 10 µm and 30 µm, with virtually no effect on the annealing treatment and production process. The calculated equivalent circle diameters, as well as the horizontal and vertical line segments, are summarized in Table 8. The spatial variations of the texture on the sample were therefore larger than the variations between different production processes.



Another microstructural feature related to conductivity is misorientation or the grain boundary angle. Small misorientation angles (<  15 ∘  ) or   ∑ 3  -Twins (≈  60 ∘  ) have an electric DC resistivity that is almost a factor 100 [43] or 10 [44] smaller than the random misorientations found in high angle grain boundaries. Figure 13 shows the misorientation angle distribution of the samples. Almost no   ∑ 3  -Twins were present in the material. Nevertheless, the misorientation angle distribution function was dominated by a high amount of small angle misorientations (<  15 ∘  ). It appears that annealing increased this fraction.





4. Discussion


4.1. Dimensional Accuracy


We want to illustrate the measured frequency deviations by means of the deviation of the gap length g. As mentioned in Section 2.4, the conversion factor is approx.      Δ  f R    Δ d    = 0.21   MHz  μ m     .



After additive manufacturing: The mean values SCs R and SCs G deviated from the planned g by 3.8 µm and 19.0 µm, respectively. The maximum deviation from the planned g was 13.3 µm and 24.3 µm, respectively. To address manufacturing inaccuracies and temperature drifts, cavities are typically equipped with various frequency tuning devices to achieve the desired   f R  . Conventional tuning methods (such as tuning rods, pneumatic tuners, circumferential tuners, etc.) can achieve a maximum frequency shift   Δ  f R    of about 4 MHz for   T  M 010    cavities with an   f R   of 4260 MHz, without significantly reducing the   Q 0  . These values were extrapolated from an analysis of the tuning characteristics of 3 GHz SCCL cells [45]. This   Δ  f R    corresponds to a   Δ g   of 19 µm. Especially for SCs G, the measured   f R   values were higher than the planned   f R  , indicating a systematic deviation related to the printing process that can be corrected iteratively. The maximum deviation from the average g of 9.5 µm and 5.2 µm for the SCs R and SCs G, respectively, lies well within the tunable range of 19 µm. Figure 5 and Figure 6 additionally illustrate that no obvious asymmetries occurred during printing.



After post-processing: As depicted in Table 2 and Figure 8, the   f R   demonstrated an increase with increasing material removal (  M R  ). For SCs G, this yielded an average shift of the resonant frequency per unit material removal (    Δ f   Δ M R    ) of approximately 0.41    MHz  μ m    . Conversely, for SCs R, the corresponding value for     Δ f   Δ M R     was approximately 0.60    MHz  μ m    . It is noteworthy that with both laser types, the first 40 µm of material removal induced a greater frequency shift than the second 40 µm. This is attributed to the faster ablation of layers with incompletely melted powder, as they offer a larger effective surface area. Additionally, SC R4 exhibited a notably large   Δ f  . This is likely due to significant unsymmetrical material removal around the nose cone in this cell (refer to the white arrow in Figure 6). Since the nosecone defines the   f R   in the initial iteration, variations here exert a particularly pronounced effect.



Figure 5 and Figure 6 also illustrate that the symmetry of the SCs diminished with increasing material removal (  M R  ). As more material was removed, increased waviness became apparent (see black arrows in Figure 6), stemming from the flow direction of the post-processing media and raising gas bubbles, as previously discussed in [23]. Nevertheless, especially for low   M R   values, the symmetry could be greatly increased compared to [23], which is most likely due to the rotation of the SCs during the process.




4.2. Electrical Surface Conductivity


For the relationship between the actual surface conductivity   σ S   and the simulated surface conductivity   σ  S 0   , it holds that      σ S   σ  S 0     =    Q 0   Q  0 sim       (see Section 2.4).



After additive manufacturing: The averaged     σ S   σ  S 0      of the SCs R and SCs G amounted to approximately 0.42 and 0.22, respectively, after printing (see Table 5). This reduction in   σ S   compared to   σ  S 0    can mainly be attributed to the high surface roughness of the SCs, which in both cases extended over several skin depths. While annealing has no effect on the SC R1, SC G1 experienced an increase in   σ S   of approximately 17%. The underlying cause of this increase cannot be unequivocally inferred from the available results. We favor the idea that annealing has removed surface contaminants. A change in the grain structure appears unlikely (see Section 3.5).



After post-processing: Hirtisation® enhanced the quality of both the SCs R and SCs G. For SC R2, a surface conductivity ratio     σ S   σ  S 0      of approximately 93% was achieved after a removal depth   M R   of 40 µm. SC R3 and SC R4 reached 91% and 100%, respectively. Surface roughness measurements confirmed the trend of     σ S   σ  S 0      with increasing material removal, although for SC R3, a higher value would be expected. This trend for SCs R was maintained even after annealing, suggesting that either irregularities in the geometry induced by post-processing or the material density may influence SC R3. The printing parameters of additive manufactured components typically differ for the part’s contours and its interior (hatching). In the transition zone between the contours and hatching, irregularities in the lattice and printing defects may occur more frequently. It is possible that at   M R = 100   µm, this transition zone was more exposed, potentially leading to a decrease in the surface conductivity of SC R3 compared to SC R2, despite a simultaneous decrease in the surface roughness.



For the SCs G, the ratio     σ S   σ  S 0      increased uniformly up to   M R = 100   µm. The influence of the final Hirtisation® step in terms of enhancing     σ S   σ  S 0      per µm was approximately two times lower than that of the first two steps. This suggests an approach toward the surface roughness required to achieve high surface conductivity. SC G4 achieved a     σ S   σ  S 0      of approximately 0.85, which was about 9% less than SC R2. The    S ¯   q 26 μ m    of SC G4 was approximately 0.81 µm, which was around 19% higher than that of SC R2, thus reflecting the expected trend. It can therefore be assumed that SCs produced with green laser would achieve      σ S   σ  S 0     > 0.9   if   M R   were further increased.



After annealing: Annealing resulted in an increase of     σ S   σ  S 0      for all SCs except for SC G1. For SCs processed with Hirtisation®, this increase ranged between 3% and 7%. No systematic dependence on the   M R   could be observed. The cause of this increase needs to be further investigated in subsequent studies. Nevertheless, some conclusions can be drawn.



The EDS measurements have shown that during Hirtisation®, CuCl was deposited on the surface of the geometries, which appearred to be either absent or significantly reduced after annealing. This result is further supported by the fact that the vapor pressure of CuCl is 1 hP at 440 °C, suggesting that it has evaporated at the annealing temperature of 460 °C. Taking into account the average analysis depth of 50 nm with EDS, as well as the ratio of Cu counts and Cl counts for the pure CuCl sample and the sample after Hiritisation, it can be assumed that the CuCl layer caused by Hiritisation® should be in the single-digit nanometer range.



The EBSD measurements, on the other hand, have shown that the grain size virtually did not increase due to annealing. Furthermore, the average grain sizes consistently remained in the range of >10 µm. Studies such as [46] suggest that grain sizes only have a significant impact on electrical conductivity in the direct current (DC) case once the average grain diameter is below approximately 400 nm. In addition, it was found out by Thomas et al. [41] that the texture of electron-beam-produced copper parts has only a little effect on the AC conductivity with a frequency of 480 kHz. Misorientation in the structure can also influence the conductivity. It appears that annealing slightly increases the amount of small angle misorientations (<  15 ∘  ), which may lead to an improvement in   σ S   (compare Figure 13). However, to the best of the authors’ knowledge, there are no studies describing the influence of grain sizes or misorientations on alternating current (AC) in the S-band frequency range.



Further studies will be carried out to assess how large the influence on Q of the individual effects actually is. Considering that the assumed CuCl layer thickness, the skin depth of about 1 µm (for copper and 4.2 GHz), and that the   Q 0   was only increased by a few percent by annealing, we assume that a large proportion of the the   Q 0   increase primarily resulted from the purification of the surface from CuCl, H2O, or CO2.



Comparison with gradient model: The comparison between the measured   Q 0   values of individual SCs and the expected quality factor   Q  0 sim   , calculated using the Gradient Model for the measured   S  q λ   , reveals that the     σ S   σ  S 0      ratio performed significantly better than expected for    λ c  = 26   µm. For    λ c  = 14   µm, some measured values agreed with the gradient model within the errors. Nevertheless, a systematic deviation to higher   Q 0   values is recognizable.



Although this is encouraging from a performance perspective, it also indicates that after the initial positive results in [23], our model for predicting   σ S   using   S  q λ    still needs further optimization. These results show that the choice of the cutoff wavelength   λ c   must be refined by further studies. In addition, the approach of applying an average roughness for the entire cavity must be reconsidered. After all, different geometry sections show slightly different roughness and in some cases very different current densities or EM field strengths.





5. Conclusions


In this work, four 4.2 GHz single cavities were fabricated using L-PBF systems based on red and green lasers. Subsequently, the single cavities were post-processed through Hirtisation® and annealing.



Both L-PBF processes achieved the necessary printing accuracy and density to produce S-band cavities for currently deployed Linac systems. To achieve the required surface conductivity for Linac applications, the surface roughness must be reduced. This was accomplished through the process of Hirtisation® and subsequent annealing, with the cavities produced using red lasers reaching   σ  S 0    after a material removal of only 40 µm, while for cavities produced with green laser, more than 160 µm removal was required. The difference is mainly attributed to the initial surface roughness, which was approximately two times lower for the cavities printed with red lasers compared to those printed with green lasers. The reduced processing time or material removal compared to cavities produced with green lasers also has the advantage of practically avoiding asymmetries in the internal geometry induced by Hirtisation®.



In total, the additive manufactured cavities presented in this study encourage high-gradient tests. For the first time, the surface conductivity required for Linacs was achieved through post-processing while simultaneously preserving the geometric symmetry indispensable for high-gradient operation. Although both red and green L-PBF are applicable and fulfill the quality requirements, the red L-PBF resulted in even better Q values and precision in structure geometry while requiring less post-processing time.
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Figure 1. (a) CAD drawing of printed cavity in perspective. (b–d) show the Y–X, Z–Y, and Z–X sections of the cell geometry. (e) shows the E- and (f) the B-field distributions in the Z–X plane. 
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Figure 2. Locations for roughness measurement on the inner cavity surface. 
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Figure 3. Surface of the Z–Y plane the SC produced with red laser imaged with an atomic force microscope (AFM). A cutoff wavelengths filter (  λ c  ) of 10 µm (b), 2 µm (c), and 0.5 µm (d) was used to eliminate the waviness from the original image (a). 
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Figure 4. SC 1 is shown after printing. SC 2, SC 3, and SC 4 are shown after material removal of 40 µm, 100 µm, and 160 µm, respectively. SCs printed with green and red laser are indicated with G and R, respectively. 






Figure 4. SC 1 is shown after printing. SC 2, SC 3, and SC 4 are shown after material removal of 40 µm, 100 µm, and 160 µm, respectively. SCs printed with green and red laser are indicated with G and R, respectively.



[image: Instruments 08 00039 g004]







[image: Instruments 08 00039 g005] 





Figure 5. One half of the individual SCs shown in Figure 4. 
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Figure 6. Height profile of the SC halves from Figure 5. Black and white arrows mark asymmetries caused by the post-processing process. 
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Figure 7. Micrographs of the nose cone geometry printed with red laser (R) and green laser (G). X–Y plane (a) and Z–Y plane (b) to the printing direction. 
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Figure 8.   f R   after printing and after Hirtisation® of the individual SCs. SCs printed with red/green laser (SCs R and G) are marked in red/green color. MR refers to the material removal during Hirtisation. 
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Figure 9.   Q 0   of the SC printed with red (red color) and green laser (green color). Values after Hirtisation® are marked with a cross, and values after annealing are marked with a circle. 
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Figure 10.   Q 0   of the SC printed with red (red color) and green laser (green color) after Hirtisation® and annealing. Dots and crosses represent the values corrected with the 26 µm and 14 µm “cutoff” filter. The black dashed line represents the   Q 0   values as expected according to the gradient model. 
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Figure 11. (a,b,d,e): EDS map of the sample taken from the quartz tube coating, after printing, after Hiritisation®, and after annealing. (c) Magnification of an area of (b). (f) EDS spectra of CuCl and copper samples after printing, after Hirtisation®, and after annealing. Normalized to 1 with respect to the copper peak. (g) EDS spectra in detail around the element Cl. 






Figure 11. (a,b,d,e): EDS map of the sample taken from the quartz tube coating, after printing, after Hiritisation®, and after annealing. (c) Magnification of an area of (b). (f) EDS spectra of CuCl and copper samples after printing, after Hirtisation®, and after annealing. Normalized to 1 with respect to the copper peak. (g) EDS spectra in detail around the element Cl.
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Figure 12. Electron backscatter diffraction (EBSD) maps of samples produced with red (a) and green (b) lasers before and after annealing (X–Y plane and X–Y plane). 
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[image: Instruments 08 00039 g012]







[image: Instruments 08 00039 g013] 





Figure 13. Misorientation angle distribution of (a) samples produced with red and (b) samples produced with green laser. After AM and after annealing. 






Figure 13. Misorientation angle distribution of (a) samples produced with red and (b) samples produced with green laser. After AM and after annealing.
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Table 1.   f R   of the SC numbers 1, 2, 3, and 4 manufactured with green and red laser L-PBF. The simulated   f R   corresponds to 4260.1 MHz.






Table 1.   f R   of the SC numbers 1, 2, 3, and 4 manufactured with green and red laser L-PBF. The simulated   f R   corresponds to 4260.1 MHz.





	

	
   f R    [MHz]

	
    f R  ¯    [MHz]






	
Red laser

	
4260.5 ± 0.2

	
4260.8 ± 0.2

	
4259.3 ± 0.2

	
4262.8 ± 0.2

	
4260.8 ± 0.7




	
Green laser

	
4263.4 ± 0.2

	
4265.1 ± 0.2

	
4263.8 ± 0.2

	
4263.9 ± 0.2

	
4264.0 ± 0.4




	
SC

	
1

	
2

	
3

	
4

	











 





Table 2.   f R   of the SC numbers 1, 2, 3, and 4 manufactured with green and red laser L-PBF after Hirtisation® and annealing.






Table 2.   f R   of the SC numbers 1, 2, 3, and 4 manufactured with green and red laser L-PBF after Hirtisation® and annealing.





	

	
    f R    






	
Red laser

	
4260.3 ± 0.2

	
4281.9 ± 0.2

	
4290.2 ± 0.2

	
4357.0 ± 0.2




	
Green laser

	
4263.4 ± 0.2

	
4301.2 ± 0.2

	
4317.4 ± 0.2

	
4328.5 ± 0.2




	
MR [µm]

	
0 (SC 1)

	
40 ± 15 (SC 2)

	
100 ± 15 (SC 3)

	
160 ± 15 (SC 4)











 





Table 3.   S  q λ    at the specific locations (A, B, C, D, E) of SC 1 produced with green (G) and red lasers (R) after printing.






Table 3.   S  q λ    at the specific locations (A, B, C, D, E) of SC 1 produced with green (G) and red lasers (R) after printing.





	
Location

	
A

	
B

	
C

	
D

	
E

	






	

	
  S  q 26 μ m    [µm]

	
   S ¯   q 26 μ m    [µm]




	
SC R1

	
2.85 ± 0.01

	
3.28 ± 0.01

	
3.32 ± 0.01

	
3.68 ± 0.01

	
3.13 ± 0.01

	
3.25 ± 0.15




	
SC G1

	
4.48 ± 0.01

	
4.20 ± 0.01

	
4.08 ± 0.01

	
5.24 ± 0.01

	
5.30 ± 0.01

	
4.66 ± 0.23




	

	
  S  q 14 μ m    [µm]

	
   S ¯   q 14 μ m    [µm]




	
SC R1

	
1.93 ± 0.01

	
2.23 ± 0.01

	
1.95 ± 0.01

	
1.91 ± 0.01

	
1.80 ± 0.01

	
1.94 ± 0.15




	
SC G1

	
3.42 ± 0.01

	
3.34 ± 0.01

	
2.81 ± 0.01

	
4.39 ± 0.01

	
4.07 ± 0.01

	
3.61 ± 0.23











 





Table 4.   S  q λ    at the specific locations (A, B, C, D, E) of all SCs produced with green (G) and red lasers (R) after printing, Hirtisation®, and annealing.






Table 4.   S  q λ    at the specific locations (A, B, C, D, E) of all SCs produced with green (G) and red lasers (R) after printing, Hirtisation®, and annealing.





	

	
SC G1

	
SC R1

	
SC G2

	
SC R2

	
SC G3

	
SC R3

	
SC G4

	
SC R4






	
MR [µm]

	
0

	
40

	
100

	
160




	
  S  q 26 μ m    [µm] loc. A 

	
4.48

	
2.85

	
3.24

	
0.57

	
1.97

	
0.57

	
0.51

	
0.45




	
  S  q 26 μ m    [µm] loc. B

	
4.20

	
3.28

	
1.12

	
0.85

	
0.61

	
0.72

	
0.98

	
0.54




	
  S  q 26 μ m    [µm] loc. C

	
4.08

	
3.32

	
5.35

	
0.76

	
1.70

	
0.52

	
0.66

	
0.47




	
  S  q 26 μ m    [µm] loc. D

	
5.24

	
3.68

	
4.47

	
0.60

	
0.84

	
0.55

	
0.94

	
0.39




	
  S  q 26 μ m    [µm] loc. E

	
5.30

	
3.13

	
5.29

	
0.54

	
0.83

	
0.54

	
0.97

	
0.40




	
   S ¯   q 26 μ m    [µm]

	
4.66

	
3.25

	
3.89

	
0.66

	
1.19

	
0.58

	
0.81

	
0.45




	
  S  q 14 μ m    [µm] loc. A 

	
3.42

	
1.93

	
2.04

	
0.43

	
0.96

	
0.43

	
0.35

	
0.33




	
  S  q 14 μ m    [µm] loc. B

	
3.34

	
2.23

	
0.67

	
0.67

	
0.40

	
0.53

	
0.76

	
0.41




	
  S  q 14 μ m    [µm] loc. C

	
2.81

	
1.95

	
3.13

	
0.60

	
0.94

	
0.42

	
0.44

	
0.37




	
  S  q 14 μ m    [µm] loc. D

	
4.39

	
1.91

	
2.40

	
0.47

	
0.52

	
0.40

	
0.56

	
0.24




	
  S  q 14 μ m    [µm] loc. E

	
4.07

	
1.80

	
2.85

	
0.42

	
0.45

	
0.39

	
0.58

	
0.28




	
   S ¯   q 14 μ m    [µm]

	
3.61

	
1.94

	
2.22

	
0.52

	
0.65

	
0.43

	
0.53

	
0.33











 





Table 5.   Q 0   of the cavity numbers 1, 2, 3, and 4 manufactured with green and red lasers after printing. The simulated   Q 0   is 8100.






Table 5.   Q 0   of the cavity numbers 1, 2, 3, and 4 manufactured with green and red lasers after printing. The simulated   Q 0   is 8100.





	

	
    Q 0    

	
     Q 0  ¯    






	
Red laser

	
3500 ± 100

	
3400 ± 100

	
3300 ± 100

	
3500 ± 100

	
3425 ± 70




	
Green laser

	
1800 ± 100

	
1700 ± 100

	
1700 ± 100

	
1800 ± 100

	
1750 ± 58




	
SC

	
1

	
2

	
3

	
4

	











 





Table 6.   Q 0   of the cavity numbers 1, 2, 3, and 4 manufactured with green and red lasers. Cavity numbers 2, 3, and 4 after Hirtisation®.






Table 6.   Q 0   of the cavity numbers 1, 2, 3, and 4 manufactured with green and red lasers. Cavity numbers 2, 3, and 4 after Hirtisation®.





	

	
    Q 0    






	
Red laser

	
3500 ± 100

	
7700 ± 100

	
7700 ± 100

	
8400 ± 100




	
Green laser

	
1800 ± 100

	
3400 ± 100

	
5800 ± 100

	
6900 ± 100




	
MR [µm]

	
0 (SC 1)

	
40 ± 15 (SC 2)

	
100 ± 15 (SC 3)

	
160 ± 15 (SC 4)











 





Table 7.   Q 0   of the cavity numbers 1, 2, 3, and 4 manufactured with green and red lasers after printing, Hirtisation®, and annealing.






Table 7.   Q 0   of the cavity numbers 1, 2, 3, and 4 manufactured with green and red lasers after printing, Hirtisation®, and annealing.





	

	
    Q 0    






	
Red laser

	
4100 ± 100

	
8000 ± 100

	
7900 ± 100

	
8700 ± 100




	
Green laser

	
1800 ± 100

	
3800 ± 100

	
6100 ± 100

	
7200 ± 100




	
MR [µm]

	
0 (SC 1)

	
40 ± 15 (SC 2)

	
100 ± 15 (SC 3)

	
160 ± 15 (SC 4)











 





Table 8. Equivalent circle diameters (ECDs), horizontal line intercept (HLI), and vertical line intercept (VLI) of the EBSD maps shown in Figure 12.






Table 8. Equivalent circle diameters (ECDs), horizontal line intercept (HLI), and vertical line intercept (VLI) of the EBSD maps shown in Figure 12.





	
Laser

	
State

	
Plane

	
ECD [µm]

	
HLI [µm]

	
VLI [µm]






	
Red

	
After AM

	
Z-Y

	
21 ± 17

	
14 ± 12

	
23 ± 24




	
X-Y

	
17 ± 17

	
13 ± 11

	
17 ± 14




	
After Annealing

	
Z-Y

	
18 ± 11

	
11 ± 10

	
15 ± 14




	
X-Y

	
14 ± 7

	
14 ± 12

	
15 ± 11




	
Green

	
After AM

	
Z-Y

	
21 ± 16

	
16 ± 15

	
22 ± 20




	
X-Y

	
15 ± 8

	
13 ± 14

	
14 ± 14




	
After Annealing

	
Z-Y

	
29 ± 29

	
18 ± 19

	
30 ± 36




	
X-Y

	
16 ± 9

	
19 ± 17

	
21 ± 19
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