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ABSTRACT

Metal additive manufacturing processes, such as laser beam melting
(LBM), can play a key role in developing antenna-feed chains because
monolithic and multifunctional parts can be manufactured with high
geometric freedom in the design phase. Using LBM technology,
lighter and more compact antennas can be produced and manufac-
turing costs can be reduced. However, the surface roughness of inter-
nal surfaces in waveguides produced by LBM is much higher (about
10 um Ra) than that produced by conventional manufacturing tech-
nologies. Consequently, such high surface roughness of the internal
surface can affect electrical current propagation through the waveg-
uide and corresponding transmitted power. In this paper, abrasive
flow machining (AFM) was used to reduce the surface roughness
of the internal surfaces of four different waveguides used at both
K and Q bands. A significant reduction in the transmission loss at
both K and Q bands was observed as their internal surface rough-
ness decreased from about 10 um to 1 um Ra. This was assumed to
be due to an increase of the internal surface electrical conductivity
with the decrease of roughness in waveguides channels.

1. Introduction

There has been great technological advances in satellite communications (SatCom)
antenna over the past years. However, waveguides, which are installed in the Sat-
Com antenna, have been made by conventional manufacturing processes, such as
CNC-machining and electrical discharge machining (EDM). With such conventional
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manufacturing processes, a great amount of materials should be removed to produce their
internal channels, increasing their manufacturing time and costs. Moreover, the degree of
freedom in waveguide design was restricted by manufacturing processes.

With the emergence of additive manufacturing (AM) processes, and especially laser
beam melting (LBM), more flexible waveguide designs became possible, lighter and more
compact. Additionally, their manufacturing time and cost are reduced significantly.

A number of studies [1-9] have been dedicated to assess the electromagnetic perfor-
mances of passive microwave waveguide components produced by AM. The transmission
performance of rectangular waveguides, which have been manufactured by conven-
tional manufacturing processes, were investigated. Aluminum (AlISi7Mg0.6) and titanium
(Ti6Al4V) rectangular waveguides were fabricated with additive manufacturing. Their
transmission losses were found to be two times higher than simulated values at X-band
(8-12 GHz) and Ka-band (27-40 GHz) [1,2]. For a copper (CuSn15) rectangular waveg-
uide fabricated with AM, its transmission loss at the V-band (40-75GHz) was four
times bigger than that produced by machining [3]. Similar transmission losses at X-band
(8-12 GHz) and E-band (60-90 GHz) were also observed in more complex waveguide
shapes fabricated by AM [1,2].

It was noted that transmission losses in AM-built waveguides were greater than the-
oretical values regardless of the shape of waveguides or the frequency band. Thus, it
was acknowledged that surface roughness of the internal surface in waveguides affected
its transmission loss. Tchoffolo-Talom and Turpault [2] performed chemical treatments
(Surtec 650) on the internal surfaces of waveguides and indicated that transmission losses
at the X-band and the Ka-band were reduced as compared to those without chemical treat-
ments. Zhang et al. [3] showed that the transmission loss increases with increases of the
internal surface roughness. Lorente et al. [5] polished surfaces of microwave filters manu-
factured by laser beam melting (LBM) and found that its Q efficiency increased by about
70% as compared to that without polishing. More precisely, Wang and Cui [8] and Brau-
nisch et al. [9] indicated that rough internal channels surfaces led to a decrease in the
electrical conductivity, causing severe transmission loss.

High surface roughness (about 10 um Ra) in the LBM internal channel results from
layer-by-layer manufacturing in additive manufacturing. Surface roughness, in particular,
on inclined or curved surfaces is influenced by ‘staircase effect’ [10-12], which is illustrated
in Figure 1.
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Figure 1. Schematic illustration of the ‘staircase effect’ in additive manufacturing [10,13,14].




Strano et al. [10] modeled arithmetic average height, Ra, on the inclined surface with
the step angle, «, as in Equation (1)

1
R, = ZLt cosa (1)

where L; represents the layer thickness.

In Equation (1), with a step angle of « = 90°, the theoretical arithmetic average height is
0. However, the experimentally measured arithmetic average height shows high Ra values
due to un-melted powder particles stuck on the edges on the additively manufactured sur-
faces [15-17]. More un-melted particles were visible on the downskin surface than upskin
one in the inclined additively manufactured surfaces [18,19], due to the difference in heat
dissipation in upskin and dowskin surfaces as shown in Figure 1. In the upskin surface,
heat flux can flow into the previously constructed layer. On the other hand, in the down-
skin surface, laser irradiates directly the overhanging part and heat dissipation is lower,
due to the low powder bed thermal conductivity. Thus, more un-melted particles can be
stuck to the wall edges. Therefore, due to the layer-by-layer building in AM manufactur-
ing, combined with powder sticking, high surface roughness on the LBM surface is always
present (Ra > 5-6 um) in spite of its high geometric freedom.

To reduce the high surface roughness of the AM surfaces, various post-processes, such
as laser polishing [20], electro polishing [21], chemical polishing [22], and ultrasonic cav-
itation abrasive finishing [23], hydrodynamic cavitation abrasive finishing (HCAF) [24],
have been tested. However, those post-processes are limited to open surfaces. On the other
hand, abrasive flow machining (AFM) was recently shown to be effective to reduce the Ra
value of the internal channel surfaces [25-32]. A schematic illustration of the AFM process
is given in Figure 2.

As shown in Figure 2, the AFM medium, which is mixed with a polymeric carrier and
abrasives, is filled in the lower cylinder. The upper cylinder is clamped, fixing the work-
piece. The lower piston moves upward, making the AFM medium flow through the internal
channel of the workpiece. The high pressure is applied to the flowing abrasives, removing
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Figure 2. Schematicillustration of the AFM process: (a) two-way AFM machine, (b) material removal by
the abrasive in the flowing AFM medium, and (c) abrasives (silicon carbide, SiC).



peak regions on the channel surface and improving its surface roughness. Han et al. [31]
treated along LBM-built internal channel (¢3 mm and 110-mm long) by AFM. They found
a significant reduction in its surface roughness from 5.6 to 0.2 um Ra.

The main objective of this study is to evaluate electromagnetic performances of
laser beam melting (LBM) as-built and polished internal waveguides surfaces. Thus,
four different types of waveguides were produced by LBM. To the author’s knowl-
edge, no attempt has been made to reduce surface roughness in internal surfaces of
additive manufactured waveguides with the AFM process. The electromagnetic per-
formance of as-built waveguides was compared with those of AFM finished internal
surfaces.

2. Materials and methods
2.1. Design of waveguides

Four different types of waveguides were designed in this study. They are denoted as ‘HR,
‘WR42’, ‘GPB’, and ‘TX1  as shown in Figure 3. All four waveguides have a rectangular
cross section at two exits. However, in the middle of waveguides, two different cross-
sectional shapes (e.g. rectangular and pentagonal) were used. As shown in Figure 3(b,d),
the WR42 and TX1 waveguides have a rectangular cross-section, which is widely used
in the waveguides in the literature. Considering manufacturing cost and electromagnetic
performances, a dedicated ‘Design for Additive Manufacturing Methodologies (DfAM)’
methodology and an optimized cross-sectional shape for the waveguide were proposed in
previous work [14,33]. As shown in Figure 3(a,c), the cross-section at the middle of HR and
GB waveguides are pentagonal in shape. The wall thickness of all four types of waveguides
is 1.5 mm.

2.2. Materials and manufacturing

Two different materials a titanium alloy (Ti6A14V) and an aluminum alloy (AlSi7Mg0.6)
were selected for the LBM process in this study. Titanium alloy (Ti6Al4V) has a low
thermal diffusivity and aluminum alloy (AlSi7Mg0.6) exhibits good electrical conduc-
tivity. The powder compositions are presented in Table 1. The grain size distribu-
tion of the powder ranges from 10 to 90 um for Ti6Al4V and from 25 to 65pum for
AlSi7Mg0.6.

All four types of waveguides were manufactured by the LBM process. The HR, WR42,
and TX1 waveguides were manufactured with the PRO X300 SN machine (3D Systems).
A process parameter optimization also was conducted on the SLM 125 HL machine
(SLM solutions) to minimize surface roughness on the internal GB waveguide surface.
The detailed parameter values are presented in Table 2. The layer height of waveguides
ranges from 30 (for GB waveguide) to 50 um (for HR, WR42, and TX1 waveguides). The
WR42 and TX1 waveguides with a rectangular cross-section were manufactured at 45°
toward the plate as shown in Figure 3(b,d). On the other hand, as shown in Figure 3(a,c),
the HR and GB waveguides with a pentagonal cross-section were built parallel to the
plate.



An LBM-produced HR waveguide is shown in Figure 4. After the LBM process, all the
parts were post-treated. The remaining powders were removed from the waveguides. A
residual stress relief was carried out with a 2h - 300°C heat treatment. External support
structures were removed by machining. Two flanges of the waveguide were also machined
to remove support structures.
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Figure 3. Shapes and dimensions of the four types of waveguides: (a) HR (AlISi7Mg0.6), (b) WR42
(AISi7Mg0.6), (c) GB (Ti6Al4V), and (d) TX1 (Ti6Al4 V). (All waveguides have two rectangular exits.
Cross-sectional shapes at the middle of waveguides are also indicated.)



Table 1. Chemical composition of Ti6Al4 V and AlSi7Mg0.6 powders (in %).

Ti6AI4V
Al \' C 0 N Fe H Other Ti
5.5-6.5 3.5-45 0.08 0.13 0.03 0.25 0.0125 0.1 Remainder
AlSi7Mg0.6
Fe Si Mn Zn Ti Mg Cu 0 Al
<0.19 6.5-7.5 <0.10 <0.07 <0.25 0.45-0.70 <0.05 <0.1 Remainder

Table 2. LBM process parameters used to build waveguides.

Surface Laser power (W) Scanning speed (mm/s) Hatch (um)
Contour 150 450 -
Core 225 1100 120
Downskin 100 1100 60
Upskin 100 100 80

g s flanges

 External support structure
R 7

Figure 4. LBM-produced HR waveguide (AlSi7Mg0.6).

2.3. AFM treatment

The AFM surface treatment was performed in the two-way AFM machine (VECTOR
200, Extrude Hone®). An experimental setup for AFM of internal surfaces of the HR
(AlSi7Mg0.6) waveguide is shown in Figure 5.

The AFM process parameters, such as volume of AFM medium per one cycle (Veylinder)
AFM pressure (P), number of cycles (N), and related measured and calculated values [32],
such as cross-section area of the channel (A), one cycle time (fcye) and the velocity of
AFM flow (v;) are listed in Table 3.

As shown in Figure 5, the AFM medium flows through the internal channel of the HR
waveguide. Some additional fixture parts were used to perform AFM of internal surfaces of
the HR waveguide. The sleeve was used to resist the clamping pressure of the two cylinders
of the AFM machine. Thus, the clamping pressure is not applied to the waveguide itself. The
support part was designed to avoid a possible buckling or deformation of the waveguide
because the HR waveguide has a thin wall thickness of t = 1.5 mm. Two covers, which
connect the internal channel of the waveguide to two cylinders, have a tapered geometry.
Thus, the high pressure of the AFM medium can be applied to the internal channel surface
of the waveguide during AFM. In this process, the AFM medium (ULV50%-54, Extrude

Hone®) composed of silicon carbide abrasives (SiC) with 50 wt.% and polymer carrier
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Figure 5. Experimental setup for AFM of internal surfaces in the HR (AISi7Mg0.6) waveguide and its
cross-section view equipped in the fixture parts.

Table 3. Process parameters and related values for the AFM finish.

Volume of AFM Cross-section
medium per AFM area of the One cycle
one cycle, pressure, P Number of channel, A time, teycle Velocity of AFM
Veyiinder (Mm3) (bars) cycles, N (mm?2) (sec) flow, v1 (mm/sec)
HR (AISi7Mg0.6) 655,482.56 70 12 46.4 90 157
WR42(AISi7Mg0.6) 655,482.56 40 5 46.4 920 157
GB (Ti6Al4V) 655,482.56 70 30 16.2 47 553
TX1 (Ti6Al4V) 327,741.28 70 25 25.2 132 153

(polyboroxane) was employed. It has ultra-low viscosity of 200 Pas and grain size of 54
grit (about 350 um).

In the previous study [32], the velocity of AFM flow, v1, can be calculated using Equation
2)

_ chlinder
feyde X A

(2)

V1

2.4. Measurements of surface roughness of internal surfaces

To verify the progress of the surface roughness of internal surfaces in the waveguides, its
surface roughness before and after AFM was measured. A profilometer (Talysurf 50, Talyor
Hobson) was used to measure their surface roughness. It can be noted that the cross-section
areas of channels of waveguides are relatively small as shown in Figure 3. Thus, a small
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Figure 7. Measurement of the surface roughness of the internal channel (the HR waveguide) and its
cross-section view to measure internal surfaces #2 and #3.

stylus (112/2623, Talyor Hobson) to fit into the rectangular channel was adopted. Its stylus
tip radius is 2 pm. The waveguide has two exits with flanges. Their cross-sections in the exit
regions are rectangular in shape. Each surface was numbered from #1 to #8 in Figure 6. The
measurement of the internal channels surface roughness is shown in Figure 7. Townsend
et al. [34] stated that, in the measurement of surface roughness of the additive manufac-
tured surface, a cut-off filter and scanning length can be selected depending on its surface
geometry and area. In this study, the LBM produced internal channels are very narrow and
have small surface areas. Thus, a cut-off filter of Lc = 0.8 mm and a scanning length of
| = 4 mm were used to obtain surface roughness parameters.

2.5. Measurements of the S-parameters

The S-parameters were measured using a vector network analyzer (VNA). The model used
in this study has the following characteristics (Table 4).

The measurements were made at room temperature (20-26 °C). The instrument
reached thermal equilibrium after turning it on for 1h. The device was calibrated with
a power of 0 dB, at a band of 1 kHz bandwidth with 272 measurement points.

3. Results
3.1. Surface topographies of waveguide's internal surface before and after AFM

Figure 8 shows surface topographies of the internal surface #8 of the aluminium waveguide,
WR42 (AlSi7Mg0.6). The X- and Y-axis in Figure 8 corresponds to those in Figure 3(b).



Table 4. Characteristics of the vector network ana-

lyzer (VNA).

Model Rhode & Schwarz - ZVK
Manufacturer reference 10-40 MHz
Frequency resolution 100 puHz
Impedance 50Q
Measuring time < 0.7 ms/point
Bandwidth 18-22/33-46 GHz
Measurement error — Reflection 2dB
Measurement error — Transmission 0.2dB

Number of points 406
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Figure 8. SEM micrographs of the internal surface #8 of the waveguide, WR42 (AISi7Mg0.6): (a, b) LBM
as-built and (¢, d) AFM finished surfaces.

As shown in Figure 8(a,b), un-melted powders are visible on the LBM as-built sur-
face. The LBM building direction corresponds to the Z-axis. After the AFM process, these
un-melted powders from additive manufacturing were shown to be removed as shown in
Figure 8(c). The AFM flow direction is indicated with an arrow. Its surface is characterized
by AFM flow marks, caused by micro-abrasion between abrasives and the internal surface.

The AFM surface topography was observed at higher magnification in Figure 8(d). It
shows that most of the high peak regions of the initial LBM surface were removed whereas
valley regions still remained. A similar trend of the surface topography is observed in the
surface profile measured with a profilometer in Figure 9.

Roughness parameters of LBM and AFM finished surfaces are compared, considering
surface #3 of the WR42 (AlSi7Mg0.6) waveguide to understand material removal and sur-
face roughness improvement (Table 5). After 5 cycles of AFM, a significant reduction of the
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Figure 9. Surface profile of the internal surface of WR42 (AISi7Mg0.6) waveguide: (a) LBM as-built and
(b) AFM finished surfaces.

Table 5. Surface roughness parameters in LBM as-built and AFM finished internal surface of WR42
(AISi7Mg0.6) waveguide.

Surface roughness parameters LBM as-built AFM finished (after 5 cycles)
Arithmetic average height («m) Ra 11.9 3.1
Root mean square height of the surface (um) Rq 14.2 4.0
Maximum height (xtm) Rz 54.8 16.6
Reduced peak height (em) Rpk 23.2 0.1

arithmetic average roughness from 11.9 to 3.1 um Ra was observed. As discussed in their
surface topography comparison in Figure 8, most of the peak regions in the LBM surface
were removed, leaving AFM flow marks after AFM. This observation agrees with a signif-
icant reduction in a reduced peak height from 23.2 to 0.1 um Rpk after AFM. Arithmetic
average heights, Ra, of internal surfaces for the four types of waveguides before and after
AFM are shown in Figure 10. The corresponding material and the numbering of surfaces
in two exit regions (see Figure 6) of each waveguide are also indicated. It can be noted
that variations of Ra values in the different as-built surfaces (before AFM) in Figure 10 are
commonly observed in the additively manufactured surfaces built at different angles, such
as top, down, side skins [33].

After AFM finishing for 12 cycles of the HR internal channel, its average Ra value was
lowered to 0.7 um Ra. A significant improvement from 12.2 to 3.9 pm Ra was also seen in
the WR42 internal channels after only 5 AFM cycles. Both HR and WR42 waveguides were
fabricated using aluminum alloy (AlSi7Mg6) powder. On the other hand, much higher
cycles were logically required to reduce Ra values on internal surfaces in the GB and TX1
waveguides built with titanium alloy (Ti6Al4V) powder, because titanium is a difficult-to-
machine material. Especially, TX1 has the smallest cross-section area (5.7 mm x 2.9 mm)
and the longest channel length (267 mm) among waveguides in this study, yielding the
longest one cycle time, teycle> and the lowest velocity of AFM flow, v; (see Table 3). Thus,
the progress of Ra value was the lowest even after AFM for 25 cycles. Average Ra values of
internal surfaces of four waveguides before and after AFM are shown in Figure 11.
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Figure 10. Arithmetic average roughness (Ra value) in internal surfaces in two exit regions of all types
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(d) TX1 (Ti6Al4 V). (Ra values in the surface #8 in (a) HR and (b) WR42 were not presented because their
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Figure 12. Transmission loss in all four types of waveguides with LBM as-built (before AFM) and AFM
finished (after AFM) internal channels: (a) HR (AISi7Mg0.6), (b) WR42 (AISi7Mg0.6), (c) GB (Ti6Al4 V), and
(d) TX1 (Ti6AI4 V).

In summary, a significant reduction in Ra values of internal surfaces in all four waveg-
uides was observed after AFM. Thus, the electromagnetic performances of LBM as-built
and AFM finished waveguides are measured and compared in the next section.

3.2. Electromagnetic performances of LBM as-built and AFM finished waveguides

Electromagnetic performances of the four LBM as-built and AFM finished waveguides are
compared in Figure 12. The transmission loss of aluminum HR and WR42 waveguides was
measured over the bandwidth (18-22 GHz). A significant reduction of transmission loss
was observed in AFM finished waveguides as compared to as-built LBM ones.

As shown in Figure 12(a,b), the power loss through the 186-mm-long as-built waveg-
uides was approximately 10% as compared to the input power (—0.5dB vs. —0.4dB at
18 GHz). On the other hand, with waveguides having AFM finished internal surface, the
power loss was estimated to be about 6% (—0.3dB vs. —0.25dB at 18 GHz), showing a
significant reduction in the power loss.

In Figure 12(c), the power loss at 18 GHz in the LBM as-built titanium GB waveguides
seems to be much higher than that in the aluminum LBM as-built HR waveguides (—0.7 dB
vs. —0.5dB), although the titanium alloy GB waveguide is shorter than aluminium alloy
HR ones (77 vs. 186 mm). The higher electrical conductivity of aluminum alloy (AlSi7Mg6)



Table 6. Average Ra values and power losses in four types of waveguides with LBM as-built and AFM
finished internal surfaces.

LBM as-built surface AFM finished surface
Waveguide Average Ra (um) Average power loss (dB) Average Ra (um) Average power loss (dB)
HR (AISi7Mg0.6) 7.1 —0.44 0.7 —0.28
WRA42 (AISi7Mg0.6) 12.2 —0.45 39 —0.27
GB (Ti6Al4 V) 9.7 —0.58 1.0 —0.40
TX1 (Ti6Al4 V) 12.1 —10.3 3.9 —2.2

compared to that of titanium alloy (Ti6Al4V) can explain such a smaller power loss. After
AFM machining, the power loss of the GB waveguide ranges from —0.47 to —0.38 dB,
showing a significant reduction.

In Figure 12(d), the power loss in titanium TX1 waveguides was measured between 33
and 46 GHz. The power loss in the LBM as-built TX1 waveguide ranges from —12 to —9 dB
while the AFM finished waveguides exhibit a substantial reduction, with power loss values
between —3 and —2.3 dB. Average Ra values and power losses in four waveguides with
LBM as-built and AFM finished internal surfaces are summarized in Table 6.

In all four waveguides, a reduction in power loss was seen in the AFM finished inter-
nal surfaces as compared to LBM as-built ones. Similar trends were observed in other
post-processed additively manufactured surfaces. Tchoffolo-Talom and Turpault [2] found
about 0.2 dB reduction in transmission loss in the band (26-34 GHz) in the Surtec 650
chemical treated aluminium (AS10G) waveguide surface. They also found about 2 dB
reduction in transmission loss in the band (26-34 GHz) in the silver-plated titanium
(Ti6Al4V) waveguide surface. Martin-Guennou et al. [35] observed that transmission loss
decreased about 0.2 dB in the K band (12-40 GHz) and Q band (33-50 GHz) in the gold
or silver-plated aluminium (AlSi10Mg) waveguide surfaces.

4. Discussion

The attenuation of electromagnetic fields in a real conductor due to the propagation of
electrons in the skin thickness (a few microns) causes power loss during the propagation
of the fundamental mode TE10. The attenuation constant, ¢ g9, for the fundamental
mode TE10 [36] can be expressed as

(Tuf/o) 1+ 2b/a)(f./f)?

bvule 1 (/)7

where 1 is the magnetic permeability of the material and f is the frequency of use. f is the
cutoff frequency. o represents the electrical conductivity of the material. a and b are the
cross-section dimensions of the waveguide. ¢ is the dielectric permittivity of the material.

In Equation (3), higher electrical conductivity can lead to lower attenuation constant,
A, TE10, reducing transmission loss. Surface roughness affects electrical conductivity of the
material. Thus, effective electrical conductivity, Oeffective> can be expressed as

(3)

O TE1I0 = 8668

Oeffective = KUtheory (4)

where K is a correction coefficient, which depends on the surface roughness of the con-
ductive material. In Morgan et al. [37], the correction coefficient, K, can be defined



as

2
K = |:1 + E.arctan |:14<ﬁ) i|i| (5)
b 1)

where Rq is the root mean square height of the surface and § is the skin thickness. Thus,
with effective electrical conductivity, Oefective> Equation (3) can be expressed as

nfe 1+ 2b/a)(f/f)?
b\/KUtheorY \/1 — (fc/f)2

In Equation (4), as surface roughness increases, the correction coefficient, K, becomes close
to 0. Consequently, the attenuation constant, o g9, increases in Equation (6). On the
other hand, as surface roughness decreases, K reaches 1 in Equation (5). Thus, the attenu-
ation constant decreases, suggesting that waveguides can transmit more input power. As a
result, more electrical currents propagate through the internal surfaces.

Braunisch et al. [9] calculated an attenuation constant to account for propagation loss
due to rough and smooth conductors. Martin-Guennou et al. [35] showed that in a very
rough as-built additive manufactured surface with quadratic surface mean roughness of
RSq = 32 um, surface roughness significantly contributed to transmission loss in the K
and Q bands. In this study, the average surface roughness of as-built LBM surfaces of four
waveguides ranges from 7 to 12 um Ra. The average surface roughness of the AFM finished
surfaces ranges from 0.7 to 3.9 um Ra. The surface roughness in the AFM finished waveg-
uide’s internal surfaces is an equivalent level of those in other post-processed surfaces,
such as gold electroplated SLM Su-15Sn (1.29 pum Sa) or manually polished SLM Su-15Sn
surfaces (2.79 um Sa) in the study done by Zhang et al. [38]. As discussed in Section 3.2,
reduction in transmission loss in the AFM finished surfaces showed similar trends as those
in other studies. Thus, a high reduction in surface roughness by the AFM process can sig-
nificantly contribute to a decrease in transmission loss in four waveguides in the K and Q
bands in this study.

(6)

U TE10 = 8668

5. Conclusions

In this study, four waveguides (e.g. GB, WR42, GB, and TX1) in aluminium (AISi7Mg6)
and titanium (Ti6Al4V) alloys were designed and produced by the LBM process. Their
internal surface exhibited high arithmetic average height (around 7-12 pum Ra). Thus, their
internal surfaces were finished by AFM, substantially reducing arithmetic average height
down to 0.7-3.9 um Ra. Electromagnetic performances of all four waveguides were eval-
uated in terms of power loss. The results showed that a significant reduction in power
loss for AFM finished waveguides compared to LBM as-built ones. This confirms the abil-
ity of LBM technologies combined with AFM post-processing to design and manufacture
waveguides with high geometric freedom and adequate electromagnetic performances.
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