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Abstract

®

CrossMark

A technique for measuring effective conductivity of conductor materials using 3D printed
re-entrant cavity resonator is proposed. An analytical formula for the extraction of the effective
conductivity has been derived in relation to energy stored in the volume of the cavity geometry.
A method of resonant cavity characterisation of material based on microwave losses is utilised
for the measurements. The approach offers a simplified analytical method and also supports the
measurements of sample with arbitrary thickness. Samples produced from three different
manufacturing processes of computer numerical control (CNC) and 3D printing, made of
aluminium, copper and stainless steel were measured to demonstrate the method. The 3D
printed and copper coated polymer sample is considered as reference material for the
measurements. The measured results have shown that the copper coated polymer sample have
similar conductivity with that CNC copper. This signifies the good finishing, low surface
roughness and quality of copper coating used in 3D printed polymer device.

Keywords: additive manufacturing, conductivity, 3D printing, re-entrant cavity,

surface roughness

(Some figures may appear in colour only in the online journal)

1. Introduction

Additive manufacturing (AM) has been utilised in fabrication
of microwave devices such as cavity based resonator sensors,
filters and antennas [1-5]. The technology has been used in
producing structures of complex nature in separate parts or in a
monolithic form giving them advantage over other fabrication
methods [2]. For example: a 3D printed polymer sensor made
using stereolithographic apparatus (SLA) process and coated
with copper was presented in [3]. Other examples include a
3D printed metallic filter fabricated by micro laser sintering [4]
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Original content from this work may be used under the terms
5Y of the Creative Commons Attribution 4.0 licence. Any fur-
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and 3D printed horn antennas [5]. Therefore, 3D printing tech-
nology offers various opportunities in terms of materials, cost
reduction and realisation of complex structures that are effect-
ive for microwave design. Structures that cannot be machined
easily using a conventional means (e.g. computer numerical
control (CNC) milling) can be realised at low cost. How-
ever, the performance of these 3D printed microwave devices
greatly depends on the losses associated with the metallic sur-
face or metallic coating. Accurate evaluation of effective con-
ductivity or surface resistance of the conductors at microwave
frequencies are highly important for the modelling of these
devices and predicting their performance. In principle, the loss
characteristics of these structures can be computed theoretic-
ally based on analytical models with assumptions about the dc
bulk conductivity and an ideally smooth wall [6]. However,
in practice the situation is different as this assumption can-
not account for the effect of metallic surface quality (surface
roughness, morphology, and composition) that may produce

© 2022 The Author(s). Published by IOP Publishing Ltd
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excess losses. For this, microwave measurement techniques
for the characterisation of effective conductivity of materials
have been extensively studied and reported in literature [7—11].
Two major techniques were adopted for decades: non-resonant
method (such as the transmission line based) and resonant
method. Both techniques have been explained in detail in [7].
The resonant method is considered to provide results that are
more accurate and precise due to the high Q-factor of the res-
onators [12]. The resonant method technique has the advant-
age that the losses within the cavity at the desired resonance
frequency are sensitive to the changes in the conductivity of
the material. This is in contrast to the transmission line tech-
niques, where the conductor losses are often small, and resolv-
ing the conductivity becomes difficult. However, the transmis-
sion line method supports a broad range of frequencies while
the resonant method is limited to discrete frequencies [13].

In [14], measurement of dc conductivity of highly conduct-
ive polyaniline films has been reported using three different
methods at different frequencies. These include: resonant, sur-
face impedance and transmission line techniques. In the res-
onant cavity technique, the sample was placed in the centre
of the cavity where magnetic field is maximum to measure
the changes due to material insertion and used the Q-factor
to evaluate the conductivity of the materials. Results from all
the methods were compared with value reported in literature.
The resonant techniques offer the highest accuracy with uncer-
tainty mainly determined by sample placements [14]. Con-
ductivity measurements of doped semiconductors materials
have also been demonstrated [15]. The finding shows super-
linear power law of frequency dependency of the conduct-
ivity. Similarly, a linear temperature dependence of copper
resistivity has been reported using a novel toroid split-ring
resonator [16].

A recent work has reported an estimation of the surface
resistance of materials for microwave applications based on
Fabry—Perot open resonator over the range of 2040 GHz [17].
The high Q-factor of the resonator allows measurements up
to a conductivity with a magnitude of 10* S m~!. The res-
ults agree with the expected values of materials under test
(MUT). However, there is about 30% difference between the
measured and the expected values. On the other hand, due to
effect of vibrations and spectral variation of coupling level
associated with this technique and the measurement set-up,
materials with low conductivity can be greatly affected, lead-
ing to large error. In [18] an investigation into aluminium-
silicon-magnesium alloy for microwave devices via conduct-
ivity measurement is reported. Simple rectangular waveguide
cavity structures were used. The study focuses on the large-
scale geometry variation from the materials rather than the
surface roughness. The measured average conductivity of the
cavities from two manufacturers shows about 70% differ-
ence from nominal conductivity of the aluminium alloy. The
measured value was used in the simulation and result agrees
well with the measurement. This has therefore validated the
results of the measured conductivity of the materials under
investigation [18].

More recently a study for an alternative test fixture for
evaluating and distinguishing various materials through their

Material under test

(a) (b)

Figure 1. Re-entrant cavity resonator (a) 3D model of cavity and
MUT Hc = 35.45 mm, Hs = 10 mm, W = 70 mm and (b) inner
view and assembled cavity.

electric resistance has been detailed in [19]. In this work, a new
measurement approach is described using a re-entrant cavity
resonator. The end wall replacements method similar to [20]
is adopted. A simplified analytical formula is developed based
on the energy stored in the cavity and simulations. This is dif-
ferent from [11] which used a more complex expression of the
ohmic Q-factor associated with the mode of interest and the
cavity geometry.

Section 2 of the paper describes the design of the cavity.
The measurement method and results of the measured reson-
ance frequency and Q-factors of all the samples is given in
section 3. Sections 4 discuss surface roughness and its meas-
urements for all the samples made using different technolo-
gies. The simplified method for the extraction of the effect-
ive conductivity of measured materials has been derived in
section 5. The results are fully discussed in section 6 with con-
clusion given in section 7.

2. Resonator design

The re-entrant cavity resonator shown in figure 1 is designed
with the following dimensions: a radius, r; = 25 mm, height,
h = 25.45 mm, and post radius of, ryp = 11.25 mm with a gap,
d = 2 mm between the post and the cavity base. The post
was rounded by a curvature with a radius, r, = 11.25 mm
to maximise its quality factor. Computers simulation tech-
nology (CST) Microwave Studio is used for the design and
simulations [21]. To further improve the quality factor of the
resonator and reduce the electric field build up at the edges
and sharp corners, additional rounded corners were introduced
where the top cavity wall and the post join, with a radius of
ro = 6.75 mm as shown in figure 1(b). Transmission-type
configuration enabled by two identical straight port probes
for external coupling is adopted. The probe is capacitive but
deliberately positioned to where the magnetic field is high.
This renders low coupling which reduces the loading effect
on the resonant cavity and its Q. The used Subminiature ver-
sion A (SMA) coaxial probes have a conductor diameter of
1.3 mm and penetrating length into the cavity of 2.9 mm. To
achieve an insertion loss of over 20 dB the coupling was made
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Figure 2. Photograph of the (a) 3D printed prototype and (b) S2;
response of the measured and simulated cavity with copper base.

weak, thereby reducing loading effect, thus external Q-factor
becomes large.

The device is fabricated using SLA 3D printing using poly-
mer and was coated with 25 wm copper as shown in the photo
of the prototype in figure 2(a). The round corners introduced
also help with good plating as sharp corners can be missed out
during plating. The cavity is housed in a rectangular frame and
is split into two parts, the top part being the main cavity and the
bottom part makes the base as shown earlier in figure 1(a). The
base is considered as the MUT in this case. The cavity can be
assembled via the six drilled holes using 3 x 50 mm nuts and
bolts, or alternatively using a clamp for easy and time-effective
measurement.

3. Measurement method and samples

In material measurement using resonant techniques, the mater-
ial properties are determined from the change in the frequency
and the Q-factor due to material insertion at the desired reson-
ant mode. In this measurement, as the conductivity is the only
measurand, only the knowledge of the Q-factor is required.
The method adopted is simple, and it has a unique advant-
age of not requiring samples to be cut into a precise thick-
ness. The base (i.e. MUT) can be replaced easily. The cavity
is assembled and connected to PNA network analyser (Agi-
lent Technology E8382C) for the measurements. The network
analyser is calibrated using 85052D kit. To minimize the meas-
urement error in the high-Q resonance, a large number of
sweep points (6401), over a bandwidth about five times the
3 dB bandwidth was used. An intermediate frequency is set to
1 kHz. The measured and simulated S-parameters response of
the 3D printed cavity using copper material for both cavity and
base is given in figure 2(b). The measured resonance frequency
fr, loaded Q-factor Q; and insertion loss /L are 2.073 GHz,
5045 and 31.35 dB while the simulation results are 2.072 GHz,
6145 and 27.75 dB using the nominal conductivity of copper,
5.8 x 10" S m~!. The results show very good agreements,
with a small frequency shift. There is relatively large Q-factor
drop of about 15%. This can be largely attributed to the surface
roughness associated with AM, which degrades the electrical

(b)

@ o

Figure 3. Photograph of the six samples. CNC machined:
(a) stainless steel, (b) aluminium, (c) copper; 3D printed,
(d) aluminium alloy horizontally built, (¢) aluminium alloy
vertically built and (f) polymer + copper plating.

conductivity of the device. In addition, the quality of the cop-
per plating can also be a factor. This is further explained in
section 4.

To validate the measurements technique, six flat samples
made of aluminium, copper and stainless steel were meas-
ured. Three of the samples are made using 3D printing: one
of which is made from Accura+ polymer and then coated
with 25 pm copper, while the other two are metal 3D prin-
ted using aluminium alloy A20X (composed of 90.29 wt %
Al and 4.07 wt % Cu) [22]. The metal 3D printed samples
are built from different orientation of 0° (i.e. vertical orient-
ation) and 90° (i.e. horizontal orientation) using SLM500HL
machine from SLM solutions GmbH. The processing paramet-
ers used in the production are: 350 W laser power, at constant
laser scanning speed of 1650 mm s~!, 0.13 mm hatch spa-
cing and contour of 200 W and scan speed of 800 mm s~!.
Both samples were polished using Sharmic vibration polish-
ing with 3 mm ceramic particles. However, it was observed
that the vertically oriented built sample is not as flat as the hori-
zontal one. There is a little curvature in the sample. This will
eventually alter the cavity volume and can affect the results
of measurements. The remaining three samples are machined
using CNC from copper, aluminium and stainless steel. Pho-
tographs of all the samples are given in figure 3. The direc-
tion of the surface current flow on the sample is indicated by
the white arrow. Measurements of samples are taken several
times to minimise random error. The average of the readings is
used for the extraction of the effective conductivity. The trans-
mission coefficient S,; of the measured samples is given in
figure 4. The measured loaded Q-factor Q; and the magnitude
of the S, are used in computing the unloaded Q- factor, Qu as
follows [23]

O

Qu= 1—=8(fo)

ey

The results are given in table 1. There is a standard deviation
of 6.74 x 10~* and standard error of 3.01 x 10~* from 3 dB
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Table 1. Measured loaded Q, insertion loss IL and evaluated unloaded Q using (1).

Samples (o)} IL (dB) Qu

3D printed polymer with copper coating 5045 33.65 5152 +£25
CNC copper 4936 34.01 5049 + 15
3D printed aluminium, built horizontally (90°) 4007 35.59 4075 £ 20
3D printed aluminium, built vertically (0°) 3381 32.83 3459 £ 25
CNC aluminium 4095 35.45 4165 £ 15
CNC stainless steel 2426 40.15 2451 £ 20

bandwidth readings and the amplitude of S,;. This signifies
good repeatability of the measurements.

4. Surface roughness

AM process tends to introduce surface features that results in
or relates to microwave loss and the electrical conductivity is
degraded. The knowledge of surface roughness is therefore
significant in this work. This is especially so when the surface
texture is in orthogonal direction to the current flow. This is
also because the current flow concentrates at the surface within
a few skin depths [7]. The skin depth J is defined by [24]

1
=\ four

where fis the frequency, o is conductivity, u is permeability
of the conductor.

It is noted that the surface roughness in 3D printed metal
parts can be comparable with or even larger than §. This results
in increasing surface resistance and significant impact on the
power loss as described [19]. The 3D-printed polymer device
by SLA tends to have smoother surface. The coating helps to
reduce the surface roughness further giving it advantage over
AM metals. To analyse the effect of surface roughness on the
effective conductivity of MUT, the surface roughness of each

2

(2)

(b)

Figure 5. Image of the surface measured using Alicona: (a) copper
coating on 3D printed polymer sample and (b) 3D printed
aluminium alloy sample.

sample was measured using Alicona microscope at three dif-
ferent locations. That is, the central point and two other places
away from the centre. The measurement area for each loca-
tionis 1 x 1 mm and the images of the surfaces of 3D printed:
copper and aluminium alloy samples are shown in figure 5.
The average height of the selected area, S, values of the three
measured points are given in table 2. From the results we can
see that metal AM plates have higher surface roughness than
the 3D printed polymer and the CNC plates. The S, value
of the polished vertically oriented built aluminium sample is
higher than that of the polished horizontally printed sample by
about 30%.
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Table 2. Measured S, value of surface roughness.

Table 3. Parameters used to extract the coefficient A and B.

Sa (um) values of the three Conductivity Unloaded
measured points Material (Sm™hH Q-factor Coefficient
Main cavity (3D printed polymer 0.53,0.54, 0.58 Copper base 4.76 x 107 5863 A =0.901
with copper coating) Aluminium base 3.56 x 10’ 5658 B =0.275
Base (3D printed polymer with 0.34,0.35.0.38
copper coating)
Ease (CNC .COpper) - o 0.24,0.25,0.27 In the second case, when the base of the cavity is replaced by
ase (3D printed aluminium, 90°) 1.12,1.18 1.23 . .
Base (3D printed aluminium, 0°) 1.44,1.57,1.65 the MUT. The relationship changes to
Base (CNC aluminium) 0.59, 0.60, 0.62
Base (CNC stainless steel) 0.50, 0.55, 0.58 1 A B
e + “)
(0] ocu  +/omur

Contribution from the current on
the surface excluding the base

“A”

“B” Contribution from the current on the base

Figure 6. Illustration of contribution of current from the surface
and base of the cavity: coefficient denotation.

5. Extraction method for effective conductivity

The unloaded Q is proportional to the ratio of the resonant
wavelength and skin depth in any cavity structure [25]. The
knowledge of Q, can be used to evaluate the effective con-
ductivity. This is so, for cavity with high symmetry and ana-
Iytically solvable fields. However, this is not the case for the
cavity used in this work. To evaluate the effective conductiv-
ity of the (MUT), an approach used in [17] was adopted. A
simple analytical formula can be derived based on the know-
ledge of the energy stored in the volume and base of the cavity.
Considering the illustration shown in figure 6, the contribution
from the current on the main cavity is denoted by coefficient
A, while that of the base is denoted by coefficient B. Two cases
are considered: First, the main cavity and the base are of the
same material (copper in this case and will also serve as the
reference material). The second case is when main cavity is
made of copper material and the base (MUT) is of other MUT.
Based on the first case the measured unloaded Q-factor of the
cavity resonator, denoted by Qy is related to the conductivity
of the copper, ocy, given by

3

where Q is the measured unloaded Q-factor of the cavity res-
onator with MUT and oyt is the effective conductivity of
the MUT. Combining (3) and (4), the measured effective con-
ductivity of the MUT can be evaluated using the following
expressions

ocu = [Qo (A +B)? ®

UCUBz

{[Guen]-af

Since we can measure Qg and Q;, we need to know the coef-
ficient A and B in order to use (5) and (6). For this, the
coefficients were determined based on simulation in CST in
hypothetical experiments with given conductivity values. Two
simulation models were used: one considering copper material
for both the main cavity and the base, and the other considering
copper material for the main cavity with an aluminium base.
The nominal conductivity of these two materials taken from
CST library were used in the simulation. However, follow-
ing the measurements of the surface roughness of main cav-
ity as presented earlier we have introduced surface roughness
of 0.5 um to the main part of the cavity and assume a zero
roughness for the MUT as we are only concerned with the
effective conductivity of the MUT. This effectively changes
the conductivity of the copper material from 5.8 x 107 to
476 x 107 S m~! at the resonant mode based on calcula-
tion from CST. Using the results of the simulations and simul-
taneously solving (3) and (4) gives the coefficient A and B as
in table 3. It is important to note that the coefficients are not
sensitive to the materials, using different nominal conductiv-
ity in generating the coefficients would give similar outcome.
The uncertainty propagation of the S-parameter (S,;) and the
measurements repeatability of cavity are used in determining
the uncertainty of the measured Q-factor at 95% confidence
level [26]. The uncertainty of Q-factor and that of the coeffi-
cients A and B are used to evaluate expanded uncertainty and
to arrive at 95% confidence level of the measured effective
conductivity.

OMUT —

(6)
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Table 4. Measured effective conductivity.

Measured effective Extracted bulk conductivity Nominal bulk
conductivity omur using measured conductivity
Samples (x10°Sm™h results (x10® Sm™1) (x10°Sm™h
3D printed polymer with 36.7 £ 0.09 39.3 58.0
Cu coating
CNC Cu 31.0 £ 0.08 319 58.0
3D printed Al alloy, (90°) 8.09 +£0.20 9.76 29.5
3D printed Al alloy, (0°) 4.67 £0.12 5.64 29.5
CNC Al 9.05+0.23 9.51 35.5
CNC stainless steel 1.12 £ 0.03 1.13 1.45

Table 5. Comparison with other techniques.

Fabricatn

Type Freq. GHz Meas. Q-factor method Features and limitations References
Cylindrical cavity 8.79 4045 CNC 3% accuracy on copper and brass; [20]

analytical formula
Fabry—perot open 2040 80000 CNC 10*-107 S m~! demonstrated; [17]
resonator bulky structure;

a large number of resonances
Parallel plate 5.3 1120 CNC Compact resonator with relatively [19]
resonator low Q
Re-entrant cavity 2.07 5045 3D printed Compact resonator with high Q; This work

coated polymer

new manufacture technique

6. Results discussion

The measured unloaded Q-factor (table 1) and the coefficients
A and B (table 3) are utilised for computing the effective
conductivity of the measured materials using (5) and (6). The
results are given in table 4 along with measurement uncertainty
and extracted bulk conductivity taking into account the meas-
ured surface roughness using the analytical formula in [27].
The results show that the copper coating on the 3D printed
polymer and the bulk copper by CNC machining have similar
conductivity values. The small difference is possibly due to
sample having different conductivity, that is, copper block and
the copper used in plating the 3D printed polymer. Between
the 3D printed Aluminium alloy built in vertical and hori-
zontal orientations, as expected, the one built vertically has
lower conductivity compared to that of horizontally built one.
This is consistent with the higher surface roughness recorded
in the former. This outcome is also in conformity with the find-
ings in [19]. For stainless steel, good agreement between the
measured effective conductivity and nominal conductivity of
bulk stainless steel is obtained. The effect of surface rough-
ness is less for lower conductive materials such as the stainless
steel compared to high conductive material such copper. As for
the measured effective conductivity of CNC Aluminium and
that of the horizontally printed sample, they have similar val-
ues. This suggests good surface conductivity of the horizont-
ally printed aluminium-copper alloy. This also indicates how
aluminium alloy A20X can be promising for utilisation in fab-
ricating microwave devices where polishing can be applied.

Generally, the results obtained are at the level of compar-
ison with the nominal conductivity of the materials measured
and reported values using other methods such as that of Alu-
minium alloy 8.65 x 10° S m~"' [18]. This has therefore val-
idated the proposed measurement method and the evaluation
formula derived and used in this work. The technique presen-
ted here offer a relatively easy and simplified measurement
techniques enabled by high-Q and low cost effective conduct-
ivity measurement method compared to other method as given
in table 5.

7. Conclusion

The measurement technique presented in this article uses re-
entrant cavity resonator for the estimation of effective conduct-
ivity of different metals under different manufacture condition
or techniques. An Analytical formula for evaluating the effect-
ive conductivity based on simulations of the designed cavity
and knowledge of energy stored in the cavity has been derived.
The results of the measured samples show the capability of
the measurement technique in distinguishing materials due to
varying electrical resistances using the analytical expression.
The sensitivity of the measurement setup to changes due print-
ing orientation in AM is evident from the results of the compar-
ison measurements. This validates the usability of the meas-
urement technique, simple and low-cost, within acceptable
systematic and random errors associated with the measure-
ments of conductive materials for microwave applications.
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