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Featured Application: In-line implementation of microwave nondestructive testing and evalua-
tion (MNDT&E) based on continuous wave radar operating in monostatic mode.

Abstract: A free-space microwave nondestructive testing and evaluation module is developed for
the low-power, non-ionizing, contactless, and real-time characterization of doped composite thin-
film materials in an industrial context. The instrumentation proposed is built up with a handled
vector network analyzer interfaced with corrugated horn antennas to measure the near-field complex
reflection Sy of planar prepreg composite materials in a roll-to-roll in-line production line. Dedicated
modeling and calibrations routines are developed to extract the microwave conductivity from the
measured microwave signal. Practical extraction of the radiofrequency (RF) conductivity of thin film
prepreg composite materials doped with nano-powders is exemplary shown at the test frequency of
10 GHz.

Keywords: vector network analyzer (VNA); free-space; radar; microwave nondestructive testing
(MNDT); composites; prepreg

1. Introduction

Microwave characterization techniques for the measurement of dielectric and conduc-
tive properties of materials have been widely described in the literature [1,2]. In particular,
free-space methods have the advantages of being nondestructive and contactless [34].
The general set-up consists of a pair of directive antennas associated to a vector network
analyzer (VNA) to measure the free-space S-parameters of planar materials positioned in
the trajectory of the radiated beam assuming far-field conditions [5,6]. From the calibrated
microwave signals in the material reference planes, the complex permittivity can be deter-
mined after modelling of reflection at the air—material interface and the propagation in the
material. Consequently, the accuracy in the extraction of the complex permittivity depends
on the hardware resources but also on the mathematical modeling adopted to express the
measured S-parameters as a function of the geometry and the physical properties of the
material under investigation. Most of the works reported in the literature are related to the
development of free-space techniques assuming a transverse electromagnetic mode (TEM)
model of the waves propagating in the material.

Many industrial processes require an instrumentation suitable for contactless methods
and real-time on-line monitoring and control. Although microwave free-space techniques
present features to address non-ionizing and low-power microwave nondestructive testing
and evaluation (MNDT&E) applications in an industrial context, its transposition in an
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industrial context still remains a challenge [7,8]. The use of focusing horn-lens antennas
are not suitable as the material under test is usually one-sided. Consequently, a monostatic
(reflection mode) free-space technique is the most viable solution to be considered. At mi-
crowave range, i.e., 300 MHz-30 GHz, the moderate directivity of traditional horn antennas
is not in favor for operating in the far-field. Indeed, free-space propagation losses and spa-
tial resolution are function of the stand-off (distance between the antenna aperture and the
material plane). As conductive thin-film composite materials are mainly reflective objects
with negligible propagation in the bulk materials, by properly calibrating the free-space
set-up, the stand-off can be drastically reduced to benefit from both spatial resolution and
high signal to noise (SNR). In Section 2, the production line of Adamant Composites FX-
ply™ prepregs is presented together with the implementation of the microwave free-space
nondestructive module. At our test frequency set to 10 GHz, the far-field region is around
4 m. Consequently, running the system in conventional TEM mode is not possible as the
distance separation between antenna aperture and material is too big. The electromagnetic
beam will not be entirely intercepted by the material and the signal to noise ratio (SNR)
will be too low. Consequently, the antenna operates in the near-field region where the
propagation of the waves is difficult to model. Consequently, electromagnetic modeling
and dedicated free-space calibration procedure are derived for the extraction of the complex
permittivity of the material under investigation from the measured microwave signals. In
particular, we demonstrate that the conventional calibration procedure can be applied in
the near-field region to recover the complex reflection in the reference plane of the material.
In Section 3, test materials are prepared to qualify the radiofrequency (RF) instrumentation
proposed. Experimental results related to the measurement of the conductivity at 10 GHz
of the test materials after calibration are demonstrated. The penetration of microwave
techniques in industry is mainly limited by the use of sophisticated equipment commonly
found in research laboratory. To resume, the objective of the paper is to consider simple test
bench, perform calibration in the reference plane of the material (the calibration is available
only around the reference plane) and apply it for RF conductivity measurements.

2. Materials and Methods
2.1. Adamant Composites Production Line for Prepreg Composite Materials

To address Aerospace’s and not only ever-increasing demands from the properties
of the materials used, Adamant Composites has proposed a method to enhance prepreg
materials, which already exhibit extraordinary specific properties [9]. Based on this method,
Adamant takes into advantage the unmatched electrical, thermal, and impact properties of
various nanomaterials by integrating them into prepreg materials by a novel manufacturing
process. The effort to industrialize this process led to the implementation of the roll-to-roll
(R2R) pilot line for the production of functionalized prepregs (Figure 1).

Following the manufacturing process used in the R2R pilot, a commercial prepreg in
the form of a roll is positioned at the “Unwinding Station” (the beginning of the line) to
retrieve a roll of functionalized prepreg at the “Winding Station” (the end of the line). The
dopants have the form of a micro-powder, which is deposited by a scattering process at a
specific amount on the prepreg substrate. Then this micro-powder is firmly integrated into
the prepreg with the help of the temperature and the pressure of the “Flatbed Process”.
The final product can either have or not have an extra protective film. The R2R pilot line
process is based on a programmable logic controller (PLC) and its specifications are given
in Table 1.
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Figure 1. (a) Schematic and (b) Picture of the Adamant Composites™ roll-to-roll (R2R) pilot line for
the production of FXply™ functionalized prepregs.

Table 1. Specifications of the R2R pilot line for prepreg production.

Roll width up to 600 mm
Roll outer diameter up to 600 mm
Roll weight max. 100 kg
Forward speed range 0.2-9 m/min
Production rate up to 1000 sqm/day

2.2. Microwave Free-Space Monostatic Method

To ensure the high quality of the end product required especially by the aerospace
sector, a new free-space monostatic instrumentation was developed and integrated in-line
in the R2R pilot line of Adamant Composites™ to allow for the online quality monitoring
and characterization of the material being under production. There are possible positions
for integrating such a system in the R2R pilot line and they are stated as Control Points to
allow the monitoring of the product at different stages of the manufacturing process. In the
present work, the material is checked on its final condition only, just before being winded
to form the final roll. The prepreg substrate may or may not have a protective film on top
of it. The main issue to investigate is the homogenous deposition of the powder and its
integration in the prepreg substrate. In this setup, a handled Keysight™ Fieldfox VNA is
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connected to a single horn waveguide antenna (working as transmitter and receiver) to
measure the free-space reflection coefficient Sq; of a planar material lying on a metallic
plate [10]. A schematic diagram of the free-space monostatic microwave measurement
system is given in Figure 2.

Keysight Fieldfox S
Sii \,j Po --q---

horn T,
antenna 7 N\ 0 ---d---

Tl T2

r

To1 2
__________________ ¥ > L -4

h$ material &, \} Fos I

0 ———d--

(a) (b) r

Figure 2. (a) Schematic diagram of the free-space monostatic microwave measurement instrumenta-
tion. (b) Flow-chart of the wave propagation.

The complex permittivity of the planar sample is defined as
€ = em! — jeu, 1

where ¢,/ is the dielectric constant and 841/1 is the loss factor. We consider that the microwave
response of conductive composite materials is mainly attributed to the wave reflection at
the air to material interface. The complex reflection coefficient S1; measured by the VNA
can be derived from the phenomenological flow graph given in Figure 2b where a two
port error adapter is considered to relate Sy; to the free-space reflection coefficient of the
material under test rg; located at a reference distance L, from the antenna aperture. The
error terms I';, I'; and T T, correspond respectively to the directivity, source match and
reflection tracking error terms. These three terms determined from a calibration procedure
are used to derive the actual reflection coefficient rg;. The term ry; defines the reflection
coefficient at the interface air-material. By applying boundary conditions at the air-sample
interface, it is found that this parameter is related to €; by

o 1-VE

2.3. Microwave Free-Space Calibration Procedure

@

Before doing any measurement, the instrumentation must be calibrated. This calibra-
tion step consists to determine the three complex terms I';, I'; and T T5. This calibration
process is based on the modeling of the empty fixture (without the sample under test)
considering multiple distance separations between the antenna and the metallic base. The
procedure is inspired by the well-known SOL (Short-Open-Load) found in traditional
on-wafer or guided microwave measurements, but by considering 3 known distance sepa-
rations between the antenna and a material standard [11]. As the antenna operates close to
the sample, spread propagation losses due to the spherical nature of the propagation waves
induce amplitude variation of the propagating waves a function of the distance. Conse-
quently, this calibration procedure provide accurate data only if the calibration standards
are close to the material reference plane. The measured empty complex reflection coefficient
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S, measured by the VNA can be expressed as a function of the complex reflection Sy; at
distance A, from the reference plane by

T1To511

S12on 3
1251 ®)

SE=T1+

where S;; = e~210(A7) with o denotes the free-space propagation constant.
A linear system of three equations of type (3) is then solved to determine the three
error terms.

2.4. Online Quality Control Design and Implementation

The integration of the microwave free-space module in the operating industrial envi-
ronment requires design considerations. Indeed, the performance of the module proposed
are depending on requirements from the points of view of both microwave instrumentation
and R2R pilot line. From the microwave instrumentation level, the material below the
composite materials can be made out of a dielectric or metallic material with a size of
400 x 700 mm?. The choice of material affects the modelling part needed for the analysis
of the measurements when purely dielectric materials are aimed. In the present work, we
used a conductive material and assumes that the microwave signal is mostly reflected at
the air-material interface. The prepreg should move in a perfectly flat manner on top of
this substrate. The frame should be able to accommodate two antennas, whose position
along the width axis can be adjustable. Note that the antennas operate separately from
each other. Indeed, as the VNA has two inputs to extend the measurements to two sites.
The installation height of both antennas should be also adjustable to set the lateral spatial
resolution. There should be a place at the side of the frame to position the VNA. The
antennas should be ideally boxed with an absorbing material. Only a small crevice should
be left for the prepreg to enter and exit the module. A special care should be taken to
isolate the system from mechanical vibrations. From the R2R pilot line point of view, the
module should be interfaced for integration in the R2R Line. The scanning area is defined
at maximum length x width =300 x 600 mm? (600 mm is the maximum width of the rolls
that can be processed). The top surface of the prepreg, where it receives the treatment, is
not to be touched with any means. Taking into account the aforementioned requirements
and the fact that the R2R pilot line presented above is built in a modular way to allow for
the easy integration of new features, it has been decided to design and built a dedicated
quality control module to accommodate the free space antenna system and facilitate its
integration in the R2R pilot line of Adamant Composites (Figure 3). The design of the
module and its general dimensioning has been made with respect to the general format
followed by the R2R pilot. To bold its modular nature, the frame is based on industrial
wheels that have screw-stands to allow for a perfect leveling of the entire module at its
position. Special attention has been paid on making the prepreg have the appropriate
tension and be perfectly flat on the substrate, where the measurements take place. To do so,
six tensioning axles has been used (the red axles in Figure 3). Two of them are used to press
flat the prepreg on the supportive metallic substrate. Another two axles are used for the
levelled entering and exiting of the prepreg in and out of the module and another two are
used in different heights to assure there is enough tensioning on the material. The substrate
panel that accommodates the measurements is made out of 6 mm thick aluminium and
sits on a layer of 5 mm thick cork which has good antivibration properties. It has a filleted
format at the front and back edge to allow easy entering and exiting of the prepreg in and
out of the module. Two metallic mounts, which can move along the width axis, are used
for positioning the antennas on a bar, which is centred in the module along the direction
of the production and whose height can also be adjusted. This way the positioning of
the antennas is very space flexible. The antennas are boxed in 6 mm thick fiberglass to
isolate them from environmental disturbances. Fiberglass provides also good visibility of
the process. Only two small crevices are left for the prepreg to enter and exit the module
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and two small holes from where the VNA cables pass. Finally, a metallic table allows the
position of the VNA at the side of quality control module.

(@) (b)

Figure 3. (a) CAD representation of the free-space quality module. (b) CAD representation of the dedicated module in
position Control Point #2 of the R2R pilot line.

3. Results
3.1. Free-Space Calibration

The two horn antennas (AH Systems 248 SAS-571 Double Ridge Horn Antenna
700 MHz-18 GHz) are connected to a N9918A FieldFox handheld VNA 26.5 GHz [X]
through high stable coaxial cables (Figure 4). Measurements are performed at 10 GHz,
with an RF output power set to 0 dBm and intermediate frequency bandwidth IFBW set
to 100 Hz. No coaxial calibration is considered. The antenna aperture is set at a distance
L = 24.4 mm from the metallic base for the reasons discussed in Section 2. The reference
calibration plane is set to 24.05 mm (take into account the thickness of the material under
investigation, i.e., 0.35 mm).

(@) (b)

Figure 4. (a) A front and (b) an isometric view of the R2R pilot line with the free space antenna
system integrated.

Prior to the measurements, free-space calibration considers 11 distance separations Ar
between the antenna aperture and a metallic plate (electrical standard with S1; = —1) and
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the nominal position (L = 24 mm) are considered in this study (three for calibration and
others for validation). The distance is changed by positioning calibrated metallic plates
with thickness 1.5 mm on the metallic base. Each measurement is repeated two times to
check the measurement reproducibility. To that end, the metallic plates are removed and
repositioned between two consecutive measurements. The measurement raw data are
given in the Figure 5.

| s.5| (tin) Phase(S,,F) (deg)
0.5 80
|
04 ° 5 o 60
(] O :‘:
()

+

0.3 = [+ 40
] (m]

+ m]

0.2 i 4+ 20
0.1 0
1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Ar (mm)

Figure 5. Measured empty free-space complex reflection coefficient SE; as a function of the stand-off
distance A, from the reference plane (L, = 24.04 mm)—f = 10 GHz (+ amplitude\SnE| and [ Phase
of 511E).

The plot shows that the Sq; signal, i.e., measurement of interest, is mixed with complex
error terms. The calibration procedure consists in the determination of the complex error
terms I'y, I'; and T1T; by applying the modified SOL algorithm described in Section 2.
As mentioned, the calibration standards considered lossless (|S;; | = 1) are summarized in
Table 2.

Table 2. Free-space electrical standards used for calibration—f = 10 GHz.

Standard  Ar(mm)  |SE|[Lin]  Phase (Sf,) [deg] [Sy;|[Lin] Phase (S;;) [deg]
CAL1 —0.35 0.2365 63.13 1 -8
CAL2 1.15 0.2206 34.18 1 28
CAL3 415 0.4017 35.67 1 100

From the calibration procedure, the complex error terms are determined (Table 3).

Table 3. Complex error terms determined from the free-space calibration procedure—f = 10 GHz.

Directivity I 0.22422 + 0.26289i
Source match I, 0.27198 — 0.15393i
Frequency resp. T1T, —0.06859 — 0.072409i

From the calibration data, the modelling of the complex reflection coefficient is estab-
lished according to the model (3). The comparison between measurement and modelling is
given in Figure 6a. From these data associated to the analytical inversion of the model (3),
the calibrated complex reflection S1; of the reference devices (metallic plates with different
stand-off) in the measurement reference plane can be retrieved. The results are depicted in
Figure 6b.
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Figure 6. (a) Comparison between Modelled (—) and measured (o) empty free-space complex

reflection SlE1 as a function of the stand-off distance A, from the reference plane (L; = 24.04 mm)
—f =10 GHz. (b) Comparison between Modelled (—) and measured (e) calibrated empty free-
space complex reflection S;; as a function of the stand-off distance A, from the reference plane
(Ly = 24.04 mm)—f = 10 GHz. The reference plane is illustrated in yellow color (at Ar = 0) and the
calibration standards are illustrated with M.

From these data, the amplitude of the amplitude of the complex reflection coefficient
is nearly unity in the proximity of the measurement reference plane. Therefore, the validity
of the calibration concerns only material with low thickness in the vicinity of the reference
plane. After calibration, the phase-shift exhibits a linear behavior as expected. In the same
manner, as a lossless model is considered in this study, deviation from the theoretical phase
occurs when the measurement is taken far from the reference plane.
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3.2. Material Measurements

Materials samples with different powder areal weights have been prepared for the
evaluation of the free-space technique (see Table 4).

Table 4. Thin film prepreg parameters.

Measured Thickness * [mm]

Sample Identification (* at Different Locations: One Main Thickness Weight (g) Pov.vder Aregl
e (mm) Weight (g/m*)
Measurement per Sample’s Side)
Hexcel’s T1.1 0.37 0.34 0.35 0.34 0.35 37.66 0
M21/34%/UD194/T800s/300 AT T1.2 0.35 0.38 0.38 0.35 0.37 37.90 0
T2.1 0.48 0.41 0.44 0.45 0.45 40.04 25.11
TM_’
FXply™-EL T2.2 040 041 041 042 041 40.12 26.00
T3.1 0.48 0.50 0.42 0.45 0.46 39.09 14.56
TM_’
FXply™-EL low 3.2 032 036 039 042 0.37 39.49 19.00
. T4.1 0.49 0.48 0.47 0.43 0.47 40.69 32.33
TM_
FXply™-EL_high T4.2 046 047 041 041 0.44 40.99 35.67
Prepreg Paper only - 0.1 0.1 0.09 0.09 0.10 - -

Given the electrical nature of the materials considered with relatively low conductivity
contrast between them, a reliability study has been performed. Tests in the roll-to-roll
pilot lines have been performed. Measurements are done at room temperature around
18 °C with humidity rate around 52%. The antenna is positioned in the orientation of the
carbon fibers for all tests. Each measurement is done two times by moving the sample.
Between two samples characterization, the empty fixture is measured as a reference to
check the environment variations (denoted FREE SPACE). The measured amplitudes and
phase-shifts of the complex reflection coefficient S11,, are given in Figure 7. After the first
round of measurements, each sample is measured one more time.

|51 i) Phase(S,,) (deg)
0.235 0
0.230 59
sg B B
0.225 g g .
H
0.220 56 &
55 ¥
0.215 t O
7 54
0.210 53
0 10 20 30 40 0 10 20 30 40
Powder areal weight (g/m?) Powder areal weight (g/m?)
(a) (b)

Figure 7. Measured amplitude and phase-shift of the complex reflection coefficient as a function of the powder areal weight

(+ First measurement round, [J Second measurement round)—f = 10 GHz.

From these data, unique microwave signatures are noticed for the different powder
areal weights considered. For each sample under test, a vector calibration is performed
at the material reference plane. Note that the procedure does not require any other mea-
surements as the reference plane can be chosen arbitrary. From the calibrated complex
reflection coefficients rg;, the relative complex permittivity €; of the material can be ex-
tracted using the inversion of the following relationship. From the imaginary part ¢, of the
relative complex permittivity ef = ¢, — je; and assuming that the dielectric losses are only
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attributed to the RF conductivity orr (case of metals) at 10 GHz, we can extract the value
of ORF by
ORF = WEQEy . 4

where w is the microwave excitation pulsation and ¢y ~ % x 1072 F/m denotes the
vacuum permittivity. The extracted complex permittivity and related RF conductivities are
summarized in the following table.

4. Discussion

From the extracted RF conductivity data summarized in Table 5, the powder areal
weight plays a role in the change of the RF conductivity. These values are instructive for
the optimization of the deposition process. In particular, conductive nano-powders added
on a conductive composite built up with micro-fibers is a sensitive process. The extracted
RF conductivity is a direct signature of the surface conductivity and depends on (i) the
spatial distribution of the nano-powders, (ii) their interactions with the hosting material,
and (iii) the powder areal weight. In addition, it is demonstrated that the hosting material
consisting of conductive fibers, presents a dispersion in the measured RF conductive values
(T1.1 and T1.2 that are not doped with nano-powders). These findings are attributed to the
material characteristics and not to the measurement set-up. Indeed, calibration has been
performed by checking the measurement reproducibility considering metallic standard
metallic materials. Surprisingly, the last line of the table that gives an estimation of the
reproducibility of the microwave measurement presents a large deviation for materials
references T1.1 and T3.2 and needs further investigation.

Table 5. Extracted complex permittivity and conductivity as a function of the powder areal weight—
f =10 GHz.

T1.1 T1.2 T2.1 T2.2 T3.1 T3.2 T4.1 T4.2

Thickness (um) 350 370 450 400 460 370 470 440
Powder areal weight (g/mz) 0 0 25.11 26.00 14.56 19.00 32.33 35.67
&\.(F/m) 8917 1417 1966 1053 864 511 21,943 6150
—¢; (F/m) 4848 1908 2668 3949 8174 10314 11,527 5124
orr (S/m) 2697 1061 1484 2197 4547 5738 6413 2851
AoRp/ORF (%) 51.7 0.02 10.8 6.15 13.9 254 12.8 1.2

The following hypothesis are considered for the resolution of the inverse problem:

o Only the reflected wave at the surface material contributes to the determination of
the conductivity. Further development assuming microwave absorption within the
materials will be considered.

o During the measurement campaign, we observed a temperature variation around
0.4 °C. Together with drift of the electronic system, the vector calibration is affected
as the calibration error terms are determined for fixed environmental conditions. For
example, the calibration standard, i.e., aluminium metallic plate (at 24.4 mm for the
antenna aperture) considered as ideal in the calibration process (crr — o0) yields to
a value around 14 x 10* S/m when measured after the measurement campaign.

o Errors induced by the distance control between the material surface and the antenna
aperture impact the measurement accuracy.

The reasons given above yields to measurement uncertainties. These results are
instructive as they suggest that a real-time calibration procedure (including temperature
and distance measurement) would be beneficial to enhance the measurement accuracy.
This work contributes to the penetration of microwave free-space measuring techniques
developed by several research groups [12-16].
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