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Abstract - In this work an eddy currents non destructive 

testing instrument employing heterodyning based measurements 
is presented. The instrument is composed by a portable computer 
and dedicated electronic measurement circuitry to operate a 
planar structure probe designed for the inspection of friction stir 
weldings. A DDS waveform generator and a transconductance 
amplifier are used to drive the probe with high amplitude 
currents with a frequency of up to 10 MHz. The probe output 
voltage is amplified up to 60 dB and downconverted to a lower 
intermediate frequency. The signal is digitally converted and 
afterwards processed to compute the real and imaginary parts of 
the probe output voltage. An alternate heterodyne mode allows 
the direct quadrature demodulation of the amplified probe 
response. The developed embedded system was installed inside a 
rugged portable computer to form a standalone NDT system with 
post-processing and visualization capability. Both electrical 
characterization and application results using the instrument and 
a particular eddy current probe are presented. 

Keywords — Eddy Current Testing, Heterodyning, Quadrature 
Demodulation, Digital Signal Processing.  

I.  INTRODUCTION 
Non-Destructive Testing (NDT) consists of several 

different analysis techniques that allow the evaluation and 
characterization of a material without damaging or changing its 
properties. Even though these techniques were originally used 
in high value safety-critical applications, they have become an 
important tool in assuring the quality and reliability of 
industrial and scientific components. Since NDT does not 
permanently change the component being tested, it provides 
time and money savings in research, manufacturing and 
maintenance. Popular NDT techniques are based on ultrasonic, 
magnetic particles, radiographic, liquid penetration and eddy 
currents physical phenomena [1]. Depending on the 
application, some of these are more suitable than others [2]. 

In ultrasonic non destructive testing, high frequency sound 
waves are used to penetrate the material under test (MUT). The 
analysis of the reflected waves allows the identification of 
potential flaws deep in the material. Magnetic particles are 
used for the NDT of surface flaws. The MUT is magnetized 
and magnetic particles sprinkled on its surface are attracted by 
the magnetic poles created near the surface flaws allowing 
visual inspection. In radiographic methods, X rays and gamma 
rays are emitted through the MUT onto a film on the opposite 
side, which provides a permanent visual record of the inner 
flaws of the MUT. However, the radiation used in this method 
is hazardous to human health. In liquid penetrant testing, a 
liquid is applied to the surface of the MUT and cured for a 
predetermined time. The excess is removed and a developer is 
applied to the surface, which will indicate the presence of 
surface-breaking flaws. This method has the advantage of 
being low cost and independent of flaw orientation [3]. 

Eddy currents testing (ECT) [4] has many uses in 
applications where the material under test is conductive. Its 
evaluation is based on electromagnetic induction and analysis 
of electrical currents in conductive parts. ECT can be used for 
thickness measurements, corrosion evaluation, electrical 
conductivity and magnetic permeability measurements as well 
as flaws detection. The advantages of ECT are its insensibility 
to dust, oils and dielectric materials, the possibility of working 
over a large temperature range and enabling instant results. 
However, it is limited to conductive materials and is sensitive 
to surface roughness, as well as having limited depth of 
penetration and being dependent on flaw orientation [3]. 

Friction Stir Welding (FSW) [5] is a metal welding method, 
with growing application to aerospace parts, which provides 
good mechanical properties and enables the production of 
thinner and lighter fuselage panels. However, friction stir 
welding defects are characterized by very small cracks with a 
very low energy reflection effect leading to increased 
difficulties in their detection. In order to detect such small 
defects on FSW joints, a specific eddy currents probe [6] and a 
reconfigurable tabletop ECT system were developed [7]. 

In this work, a new ECT system including some advanced 
functionalities was developed to operate these probes. 
Heterodyning measurement principles were used on the 
dedicated electronic measurement circuit. This architecture 
allowed the reduction of the circuit power consumption and 
footprint enabling its installation inside a field-capable rugged 
portable computer. 

II. STATE OF THE ART 

A. Eddy Currents Overview 
The French physicist Léon Foucault is credited for having 

discovered the eddy currents phenomenon in 1851 by noticing 
that the force required for the rotation of a copper disc becomes 
greater when there is a strong magnetic field involved. This 
phenomenon is derived from the works of Michael Faraday on 
electromagnetic induction which states that when a conductor 
moves through a magnetic field or a magnetic field changes in 
a conductor, an electric current will flow through the conductor 
if there is a closed path through which the current can 
circulate [8]. 

From 

 

E.d
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it can be seen that the line integral of the electric field E along 
a closed path c is equal to the change of magnetic flux crossing 
the surface S and delimited by the borders of this surface. If the 
material where the magnetic field is applied is a conductor, and 
c is a closed conductive path, then an electric current is induced 
along that path. In the presence of a defect such as an air gap, 
crack or drastic changes in conductivity, the current path is 
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modified [9]. When an electric current I is flowing through a 
conducting wire, a magnetic field B is formed around the wire. 
The field’s direction is perpendicular to the direction of the 
current and its magnitude is reduced with the distance to the 
wire. In a long wire, the magnetic field forms a closed loop and 
the magnitude depends on the surrounding material’s magnetic 
permeability µ, and the radius R of the closed loop with 

 B = µI
2πR

. (2) 

Therefore, by applying an alternating current through a wire, 
which results in an alternating magnetic field, an eddy current 
can be induced in a conductive material if it finds closed 
conductive path, as represented in Figure 1. 

 

 

Figure 1 – Eddy currents induced in a material by an alternating 
current in a coil. 

The skin effect, which is dependent on the frequency, limits 
the depth of penetration of the eddy currents in the material. 
The electric current density is highest near the surface of the 
material and decreases with the depth exponentially. The 
electric current density at a depth of x and for a frequency f is 
given by 

 J(x, f ) = J(0, f )e− x π f µσ
, (3) 

where J(0,f) is the current density on the surface of the material 
for a certain frequency. The magnetic permeability of the 
material is µ and the electrical conductivity is σ. 
B. Eddy Currents Probes and Excitation Techniques 

A wide variety of eddy current probes exist. Eddy currents 
testing equipment can usually handle different types of probes 
since the driving and sensing is similar among them. 

Absolute probes consist in a single sensing coil over the 
sample and a reference coil. The inductance of the sensing coil 
changes when in contact with a conductive surface with or 
without a defect and the instrument measures this change. 
Bridge type probes use both a test coil and a reference coil to 
produce eddy currents on the material and the instrument 
balances both coils so that any change in impedance due to a 
defect in the material is detected. Reflection probes, also 
known as driver-pickup probes, consist in a driving coil and 
separate pickup coils. The former drives the signal generated 
by the instrument to induce eddy currents in the material, while 
the latter senses the magnetic field induced by the eddy 
currents, which are affected by the presence of defects [10]. 

Giant magnetorresistive sensors have also been tested and 
evaluated in eddy currents inspection. These offer 
improvements in speed, depth and resolution, and the probe 
sensitivity does not depend on the frequency [16]. 

Besides the use of a single frequency signal to drive the 
probe, other more elaborated excitation techniques exist. The 

excitation frequency can be swept along a range of frequencies, 
which, despite taking longer to inspect, the depth information 
can be interpreted [11]. Multiple frequency techniques consist 
in generating an excitation signal with multiple frequency 
components and acquire and process the probe response for 
this signal. In pulsed eddy currents, a step function, which has 
a continuous variation of frequency components, is used to 
excite the probe. These methods have the advantage of having 
more information in the frequency domain while ensuring good 
testing speeds [12], [13] and [14]. 

C. FSW Eddy Currents Testing 
A new eddy currents probe, used for FSW assessment, was 

developed [15]. The probe has a planar structure and a driver-
pickup configuration. A central copper trace makes up the 
driver element, and two planar symmetrical pickup coils on 
either side act as a differential magnetic field sensor, Figure 2 
(left). A new smaller version of this probe was developed and 
was evaluated using this system, Figure 2 (right). When an 
alternate current flows through the center trace, the generated 
magnetic field lines, induce eddy currents on the material 
underneath the probe.  

 

 
Figure 2 - Eddy currents probe processed on PCB (seen from the 

active side). Original probe A (left) and new smaller probe B (right). 

In a defect free material, the differential based sensing 
results in a null signal, whereas any perturbation in the 
symmetry of the magnetic field, such as the presence of a 
defect, results in an unbalance of the magnetic flux in the coils 
and a non-zero signal appears at the output of the probe. The 
amplitude of the probe output signal is related with the size and 
orientation of the defect. Another important property is that the 
output signal also increases with the operating frequency since 
the pickup coils voltage is proportional to the derivative of the 
magnetic flux across the coils. 

III. MEASUREMENT PRINCIPLE 
The measurement principle of this system is similar to that 

of a lock-in amplifier, in which it relies on the orthogonality of 
sinusoidal functions. The lock-in amplifier is an amplifier that 
can extract a signal with a known frequency carrier wave from 
a noisy environment and measure its amplitude [17] and phase 
[18] by locking the detector to the source signal frequency. 

In the basic single-phase operation of a lock-in amplifier, 
the source signal A is multiplied with a reference signal B at 
the same frequency and the result has two components, one at 
the twice the frequency and another one at DC. By filtering 
only the low frequency component, the original source signal 
amplitude can be estimated if the original and reference signal 
phase difference is manually adjusted to zero. This signal is 
called the in-phase component I of the original source signal. In 
a two-phase operation, the original source signal is also 
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multiplied by another reference signal with a phase difference 
of 90º, and the quadrature component Q result is obtained. 

The in-phase component is calculated as 

A cos(ω t +ϕ
A
) * B cos(ω t +ϕ

B
) =

AB

2
cos 2ω t + (ϕ

A
+ϕ

B
)( )

+
AB

2
cos (ϕ

A
− ϕ

B
)( )

, (4) 

and the quadrature component is calculatd as  

 
A cos(ω t + ϕ

A
) * B sin(ω t + ϕ

B
) =

AB
2
sin 2ωt+(ϕA+ϕB )( )

−
AB
2
sin (ϕA−ϕB )( )

.  (5) 

The I and Q components are obtained filtering the 
multiplication result signal with a low pass filter. The 
orthogonality between both the I and Q signals the phase 
dependency to be removed by calculating the amplitude as 

 Amplitude =AB2 = I2+Q2 , (6) 

and the phase difference is calculated as 
 ΔPhase = ϕA −ϕB = arctan Q

I( ) . (7) 

The demodulation of the source signal to the real and 
imaginary parts can be achieved in both the analog or the 
digital domains. In this work, two operation modes were 
developed, the direct conversion mode, which converts the 
signal into its real and imaginary components in the analog 
domain, and the intermediate frequency mode, which does it in 
the digital domain. 

A. Direct Conversion Mode 
In the direct conversion mode, the quadrature demodulation 

occurs on the analog front end using two analog multipliers and 
two local oscillators (LOA,B), which provide the orthogonal 
reference signals. The representation of the direct conversion 
mode is in Figure 3. 

 The amplified probe response signal is multiplied with the 
orthogonal reference sinusoidal signals. In this mode the 
reference signals have the same frequency as the probe 
excitation and probe response. Low pass filtering at the outputs 
of the multipliers allow the recovery of the real (or in-phase) 
and the imaginary (or in quadrature) parts of the measured 
signal. In this approach, digital processing is minimal and thus, 
measurements can be made at a higher rate. However, DC 
offsets at the multiplier and at the ADC driver circuit, resulted 
on a substantial bias on the real and imaginary estimates. 

 

Figure 3 – Direct conversion mode operation diagram. 

B. Intermediate Frequency Mode 
In the intermediate frequency mode the analog amplified 

probe response signal is downconverted to an intermediate 
frequency using heterodyning techniques and the quadrature 
demodulation occurs in the digital domain by the DSP. By 
downconverting the probe response frequency, both the analog 
to digital conversion and the digital signal processing requisites 
are reduced than if the high frequency original probe response 
signal was sampled directly [19]. 

In this operation mode, the local oscillator is set to a 
frequency equal to the difference between the probe excitation 
frequency and the desired intermediate frequency. The result of 
the analog multiplication between the amplified probe response 
and the LOA is filtered with a low pass filter, and the result is a 
reference of the original probe response at an intermediate 
frequency of fIF. The sampled signal is quadrature demodulated 
to calculate the real and imaginary parts of the probe response 
by the DSP. For this system, the fIF frequency was designed to 
be 1 kHz, and it is set by the frequency difference of both 
DDS. This operation mode is represented in Figure 4. 

A digital local oscillator synthesizes two sinusoidal signal 
samples with a 90º phase difference, cos(n) and sin(n), with a 
frequency of fIF. These are multiplied by the sampled 
downconverted probe response signal at fIF. The resulting 
signals are filtered by a digital low pass filter, which filters 
only the DC real and imaginary parts of the probe response. 

 

 

Figure 4 – Intermediate frequency mode operation diagram. 

IV. MEASUREMENT SYSTEM 
The proposed measurement system is an integrated solution 

for eddy currents testing able to perform all the signal 
generation and acquisition tasks and even to operate 
automatized scanners. It is composed by a dedicated electronic 
measurement circuit, which communicates through USB with a 
portable host computer used for control and results 
visualization tasks. The measurement circuit can also operate 
as an external peripheral device and used together with other 
personal computers. The architecture for this system is 
represented in Figure 5. 

The main block of the measurement circuit is the Analog 
Devices ADSP-21489 digital signal processor used to control 
the signal generation and the signal acquisition interfaces. 
Also, it is used to control the amplification gain and 
automatized scanners and to perform part of the signal 
demodulation from a digitalized down-converted signal. USB 
communications are implemented using a FT2232H 
FIFO/USB. Automatized scanners with up to two stepper 
motors are driven by the combination of L297 and L298 
integrated circuits. 
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Figure 5 - Measurement system architecture 

 
The probe driver trace signal waveform is generated using a 

Direct Digital Synthesizer (DDS) device. A selectable resistive 
attenuator applied to the DDS B output allows controlling the 
amplitude at the input of the probe driver transconductance 
amplifier, and consequently select an output current scale. An 
additional DDS A device is used to generate a frequency 
reference used for the probe output signal downconversion. 

Both fixed gain amplifiers and a Variable Gain Amplifier 
(VGA) were used to amplify the probe output signal. The VGA 
is controlled by an analog reference generated using a low 
speed Digital to Analog Converter (DAC). 

Downconversion of the amplified signal is done by 
multiplying the probe response signal by a reference whose 
frequency is slightly lower than the testing frequency. This 
allows shifting the signal at the testing frequency to a much 
lower frequency equal to the difference between excitation and 
the frequency generated on DDS A. After the multiplication, a 
low pass filter is used to isolate the Intermediate Frequency 
(IF), by removing unwanted upconverted frequency 
components.  

The IF is digitalized with an Analog to Digital Converter 
(ADC) and processed in order to estimate the real and 
imaginary components of the input signal. This intermediate 
frequency operation mode is advantageous since it enables the 
acquisition of a much lower frequency signal using low speed 
ADC devices. Nevertheless, it requires the multiplier to be able 
to operate in the overall measured frequency range and 
substantial digital processing. The measurement system 
architecture also includes an additional downconversion stage 
to implement the direct conversion mode. In both operation 
modes, the digitalized signal is compensated for the 
amplification and downconversion gains.  

A. Probe Driving 
The waveform used to drive the probes is generated using 

the AD9851 DDS, from Analog Devices, which is set to 
generate 2 Vpp sinusoids with frequency up to 10 MHz. The 
frequency can be configured with a resolution of 30 mHz and 
phase with 11.25º, at a sampling rate of 120 MHz. A 
reconstruction filter was used at the DDS output to remove the 
image components which appear centered at multiples of the 
sampling frequency.  

A transconductance amplifier is used to convert the DDS 
generated signal and drive the probe. Since the DDS output 
voltage amplitude cannot be configured programmatically, a 

digitally-selectable resistor attenuator is used to modify the 
voltage amplitude at the input of the transconductance 
amplifier. The attenuator can be configured to the ratios 1/4, 
1/8, 1/20 and 1/40 leading to the possibility of selecting 
between 1 App, 0.5 App, 0.2 App and 0.1 App as the 
transconductance amplifier has a gain equal to 2 S. The 
transconductance amplifier frequency response has a low pass 
frequency corner at 5 kHz and an almost flat response up to 
1 MHz. After this frequency, the response decreases at rate of 
40 dB/decade. 

 
Figure 6 - Probe driver frequency response with probe connected 

with a 1 m cable. 

B. Amplification Chain 
The probe output voltage is pre-amplified with a 40 dB 

fixed gain and a programmable gain of up to 20 dB allowing a 
total of up to 60 dB amplification. The pre-amplification chain 
consists in two fixed gain instrumentation amplifiers, the 
AD8421 from Analog Devices, configured to provide 20 dB 
gain. A VGA, the VCA821 from Texas Instruments, and a 12-
bit Digital to Analog Converter (DAC), AD5621 from Analog 
Devices, were used to implement the ±20 dB variable gain. The 
DAC is used to set the gain control input of the VGA so it can 
be configured with 0.05 dB resolution.  

The frequency response of the amplification chain for 
multiple gains is represented in Figure 7. As shown, the 
frequency response remains almost constant up to 10 MHz. 
The input referred noise of the amplification chain was 
measured 15 nV/√Hz using an Agilent 4395A network 
analyzer. 

 
Figure 7 - Amplification chain frequency response for multiple gains 

on the VGA. 

C. Downconversion 
Downconversion in both operation modes, is achieved 

using two analog multiplier AD835 from Analog Devices. One 
of the multiplier inputs receives the amplified probe output 
voltage while the other is connected to the output of the DDS. 
The multiplication of both signals results in upconverted and 
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downconverted components. Since only the downconverted 
component, with a frequency up to 10 kHz, is used in this 
system, the multiplier outputs are filtered using a 4th order low-
pass filter.  

Figure 8 shows the multiplier operation when the 
frequencies at its inputs are equal to 19 kHz and 20 kHz. Both 
the multiplier output and the low-pass filter output are 
represented. Both the components at 1 kHz and 39 kHz are 
clearly seen having similar amplitude values. Other 
components are also present which result from the combination 
of each input offset with the frequency on the other input, 
noted at 19 kHz and 20 kHz. The remaining components result 
from the combination of the harmonics of the two input 
signals. The filter effect is best noted on the 39 kHz component 
on the bottom of Figure 8. The low-pass filter attenuates the 
39 kHz component around 35 dB. This attenuation increases 
for higher multiplier input frequencies. 

 
Figure 8 – Frequency spectrum of the multiplier output voltage 

before and after low-pass filtering.  

D. Digital Signal Processing 
Digitalization is accomplished by a 16-bit Successive 

Approximations Register (SAR) ADC, the AD7685 from 
Analog Devices. Sampling rate is controlled using one of the 
available timers on the ADSP-21489 which is configured to 
generate a convert request every 10 µs. The implemented 
digital processing in the intermediate frequency mode, is 
responsible for the quadrature demodulation of the probe 
response which was downconverted to a frequency fIF. A 
digital IQ demodulator is implemented by the application 
running on the ADSP-21489. Its function is to estimate the real 
and imaginary parts of the 1 kHz IF component. 

Each digitalized sample is converted to a floating point 
format and multiplied by digitally generated in-phase and 
quadrature 1 kHz components. A software sinusoidal digital 
synthesizer generates these digital quadrature components. The 
result from the two multiplication operations is low-pass 
filtered with 100 Hz bandwidth. The implemented filters are of 
the IIR type and consist of a 6th order biquadratic filter to 
achieve the desired filtering function roll-off. The block 
diagram representation of the digital operations performed on 
each acquired sample is shown in Figure 9. The multiplication 
by the value 4 after the filter compensates for the two one half 

gain of the two down-conversions (one in the analog front-end 
and other in the digital domain). 

 

Figure 9 – Digital signal processing block diagram representation. 

V. SYSTEM PROTOTYPE 
A prototype of the electronic measurement system was 

produced and is represented in Figure 10. This main board 
includes all the necessary modules for eddy currents testing 
and allows add-on boards to be added using its expansion 
connectors. Since the motion scanners require dedicated 
controllers and drivers, which add to power consumption, an 
extra add-on board that connects to the main board was 
developed. In Figure 11 the complete system with the add-on 
scanner controller board was installed inside the host computer. 
The overall system footprint is equal to 140x101x20 mm. The 
complete standalone eddy currents testing system is shown in 
Figure 12. 

 

 
Figure 10 – Prototyped measurement system. 

 

 
Figure 11 – Measurement system installed inside host computer. 
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Figure 12 – Standalone eddy currents testing system. 

 

A. Power Consumption Estimate 
The power consumption for the system was estimated for a 

full activity scenario. In this scenario the system is running an 
automatic bi-dimensional inspection with maximum 
amplification gain and 1 App probe excitation current. The 
measurement system consumes around 5 W for signal 
generation, acquisition and processing, around 6.1 W for 
driving the probe and up to 25 W for the motion scanners. The 
scanner driver power consumption can be reduced to 2.5 W 
with the drawback of slower testing speeds and reduced spatial 
resolution. 

B. Host Computer LabVIEW Interface 
A LabVIEW user interface was developed for the host 

computer. This interface allows the user to configure the eddy 
currents inspection parameters, such as probe excitation 
frequencies and current scales, run the inspection, visualize the 
results and store the data for post processing. Two modes of 
operation were developed. The arbitrary configuration mode 
allows the user to configure any inspection parameter and 
visualize the results. The automatic inspection mode executes a 
bi-dimensional inspection with the user selected parameters. 

The automatic inspection LabVIEW interface is 
represented in Figure 13 running a bi-dimensional inspection. 

 

 
Figure 13 – LabVIEW automatic inspection interface. 

 

VI. INSPECTION RESULTS 
In friction stir welding, a non-consumable rotating tool with 

a specially designed pin and shoulder is inserted into the 
adjacent edges of metal sheets or plates to be joined along the 
interface. The junction region is heated by friction, softening 
the metal, and both parts are joined by mixing the material 
from both parts together [20]. The resulting weld consists of a 
fully recrystallized nugget in the center and a partially 
recrystallized zone in the boundaries with the parent metals, 
called the thermomecanically-affected zone [21]. Friction stir 
welds may present lack of penetration defects, tunnel defects 
and crown- side overheating defects, among others [22]. This 
NDT system was developed specially for the detection of lack 
of penetration defects, which are represented by a surface 
breaking defect on the opposite side of the tool, similar to a 
tightly close crack [23]. 

In Figure 14, the inspection of an FSW junction is 
represented. The probe is placed flat on the surface of the metal 
on the opposite side of where the FSW tool was applied. In 
order to inspect these FSW junctions, the probe is swept across 
the defects in the X direction, but oriented so that its driver 
trace is aligned with the Y axis and is parallel to the junction 
region and to possible defects. The presence of a 
surface-breaking defect in the FSW region will be detected by 
an increase of the signal amplitude observed in the probe coils 
as it is swept over the defect. 

 
Figure 14 – FSW inspection method. 

A. Probe Characterization with Notch Defects 
The system was used to characterize the probe response 

using aluminum samples with machined synthetic defects. The 
inspection of these sample parts allows the interpretation of a 
probe response using its real and imaginary components as 
well as the processed amplitude and phase. In Figure 15 the 
real and imaginary results for the inspection of a notch defect, 
normalized to the excitation frequency, using three frequencies 
are shown. The inspection resolution was 25 µm. The increase 
in probe sensitivity with the frequency can be observed by the 
increase in signal amplitude. The inversion of the imaginary 
component is a result of the phase delay of the system. 

 
Figure 15 – Real and imaginary results of the inspection of a notch 

defect using for three different frequencies. 
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In Figure 16, the amplitude and phase results in the 
inspection of an Olympus SRS-0824A eddy currents reference 
standard are shown for a testing frequency of 1 MHz with a 
resolution of 25 µm. The amplitude of the probe response 
increases in the proximity of a defect. However, when the 
probe is right above the defect the amplitude decreases to a null 
value, as expected, but a phase inversion occurs. This phase 
inversion is due to the differential nature of the probe sensing 
coils.  

 
Figure 16 – Amplitude and phase results of the inspection of an 

Olympus SRS-0824A eddy currents reference standard at 1 MHz 
using probe B. 

 
Additional results were acquired using a defect whose 

depth is increased with a ramp profile. A two dimensional 
sweep was performed in the defect with a resolution of 100 µm 
X resolution and 25 µm Y resolution. The measured amplitude 
and phase responses are shown in Figure 17. 

 
Figure 17 – Testing result on a defect whose depth increases with 

a ramp profile using probe A. Testing frequency is 1 MHz. 

B. FSW Inspection Results 
After characterizing the probe response for synthetic notch 

defects the system was put to the test in the inspection of real 

friction stir welding defects. Since there is a recrystallization of 
the FSW region due to the welding process, some material 
characteristics are altered, such as its electrical conductivity. 
This alters the observed probe response as it is swept over the 
FSW region. To better understand the responses of the probe 
over a regular FSW region and over a surface breaking defect, 
the FSW sample represented in Figure 18 was used. In this 
specific part, a defect was machined in the junction between 
the two welded metallic parts on the opposite side of the FSW 
welding. This purposely introduces a defect in the same place 
as where a surface-breaking defect would be expected 

 

 
Figure 18 – Description of the FSW sample with a machined 

defect. FSW sample top welding tool side (left) and bottom side 
(right) with the machined defect. 

 
To provide a comparison between the inspection results 

over both regions, the 100 kHz probe responses from each 
inspection were overlapped and are represented in Figure 19. 
The probe response over both regions is similar except in the 
proximity of the introduced cut defect, where a peaking occurs. 
This comparison allows the conclusion that the FSW region 
has a certain effect in the probe response with and without the 
existence of a surface-breaking defect. 

 

 
Figure 19 – Comparison of the inspection results over an FSW 

region and over the machined defect at 100 kHz using probe A. 
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In Figure 20 the macrograph of the cross section cut of an 
FSW sample is presented. The defect has a 350 µm to 580 µm 
depth and was inspected using both probe A and probe B and 
the inspection results are presented in Figure 21 and Figure 22, 
respectively. A defect can be interpreted from the peaking in 
the response between -5 mm and 0 mm. 

 
Figure 20 – Macrograph of the FSW IST23 sample. 

 
Figure 21 – Inspection results of the FSW IST23 sample using 

probe A. 

 

 
Figure 22 – Inspection results of the FSW IST23 sample using the 

smaller probe B. 

 
In Figure 23 the macrograph of another FSW sample is 

presented. The surface-breaking defect has a 813 µm depth and 
there is a void defect in the FSW region. This sample was 
inspected using probe A, Figure 24, and probe B, Figure 25. 

 

 
Figure 23 – Macrograph of the FSW IST43 sample. 

 
Figure 24 – Inspection results of the FSW IST43 sample using 

probe A. 

 

 
Figure 25 – Inspection results of the FSW IST43 sample using the 

smaller probe B. 

 

VII. CONCLUSIONS 
This project presented the development and 

characterization of an eddy currents non-destructive testing 
electronic system applying heterodyning techniques. The 
developed system was able to perform the multiplixed multi-
frequency inspections and characterize the defects by applying 
an heterodyne downconversion on the analog front-end. By 
redeveloping the entire NDT system and applying 
heterodyning techniques to the analog front-end, the system 
complexity and signal processing requirements were reduced. 
The 140 mm x 101 mm x 20 mm footprint of the new system 
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allowed its implementation inside a rugged portable computer 
as an internal expansion board. 

The system architecture was represented and described, and 
both the embedded system software and the host LabVIEW 
interface that allow a user to perform eddy currents NDT, were 
detailed. The developed system was used to perform the 
inspection of notch defects, characterizing the system for eddy 
currents testing, as well as for the inspection of friction stir 
welds. This system reached equivalent inspection results to the 
original system. 

The system was designed for modularity, enabling different 
testing configurations, such as digitally configurable excitation 
current scales, different amplification chain gains and 
configurable heterodyning downconversion modes, which 
included an intermediate frequency mode and a direct 
conversion mode. The developed sweep frequency mode 
allowed the testing for multiple frequencies sequentially in 
time and the XY displacement table controller enabled the 
automatic and repeatable testing of different defect samples. 
An arbitrary configuration mode allows the user to test and 
visualize the probe response for any configuration and enable 
or disable the digital signal processing algorithms. 

Most future work under this project’s objectives focuses on 
further reducing the system footprint and simplifying the signal 
processing. However, other developments can also be assessed. 
Future work includes: 

• Develop a higher sensitivity version of the smaller eddy 
currents probe. Machine a configurable probe adapter that 
allows easy exchange of probes; 

• Design an improved probe cable for reduced inductance, 
allowing the driving of the probe with lower voltage 
levels, and with increased channel isolation between the 
excitation and the response wires; 

• Optimize the analog front-end for heterodyning direct 
conversion; 

• Develop a new eddy currents NDT system optimized for 
heterodyning downconversion operation  which uses one 
DDS to generate the excitation signal, and a one analog 
multiplier and digital square wave oscillator 
configuration, to downconvert the frequency, further 
reducing total system footprint and cost.  

 

 

 

 

 

 

 

VIII. REFERENCES 
[1] P. Mix, “Introduction to Nondestructive Testing,” John Wiley and Sons, 

New Jersey, U.S.A, 2005. 
[2] B. Raj, T. Jayakumar, M. Thavasimuthu, “Practical Non-Destructive 

Testing,” Woodhead Publishing, 2002. 
[3] “Training Guidelines in Non-destructive Testing Techniques,” 

International Atomic Energy Agency, January 2002. 
[4] J. Martín, J. Gil, E. Sánchez, "Non-destructive techniques based on eddy 

current testing," Sensors, vol. 11, pp. 2525-2565, 2011. 
[5] W. Thomas, E. Nicholas, J. Needham, M. Murch, P. Temple-Smith, 

C. Dawes, “Friction Welding” U.S.A. Patent nº 5460317, October 1995. 
[6] T. Santos, P. Vilaça, J. Santos, L. Quintino, L. Rosado, “Innovative 

Eddy Current Probe for Micro Defects,” Proceedings of Review of 
Progress in Quantitative Nondestructive Evaluation (QNDE) 29, Rhode 
Island, U.S.A., July 2009. 

[7] L. Rosado, P. Ramos, M. Piedade, T. Santos, P. Vilaça, “A 
Reconfigurable Digital Signal Processing System for Eddy Currents 
Non-Destructive Testing,” Proceeding of the IEEE Instrumentation and 
Measurement Technology Conference (I2MTC), Austin, U.S.A., May 
2010. 

[8] P. A. Tipler, G. Mosca “Physics for Scientists and Engineers”, 6th Ed. 
W. H. Freeman and Company, 2008 

[9] G. Marques, M. J. Resende “Circuitos Eléctricos – Sistemas Eléctricos e 
Electromecânicos”, 2009 

[10] Olympus NDT Inc, “Eddy Current Proes and Accessories Catalog”, 
2010 

[11] K. Hench, W. Christensen, D. Gallant, R. Hinde, A. Lopez, C. Martin, T. 
Phillips, “Modeling eddy current analysis data to determine depth of 
weld penetration”, 5th Biannual World Automation Congress, 2002 

[12] J. Gao, M, Pan, F. Luo, “Defect Identification and Classification of 
Multi-frequency Eddy Current Test based on Spectrum Method”, 
International Conference on Information and Automation, 2010  

[13] T. Catarrunas, “Estudo e Aplicação de Técnicas de Processamento 
Digital de Signal em Sensores de Correntes Induzidas”, Master’s Thesis, 
Instituto Superior Técnico, 2012“ 

[14] P. Xiang, “Automatic multi-frequency rotating-probe eddy-current data 
analysis,” Ph.D. dissertation, Iowa State University, 2005.  

[15] T. Santos, P. Vilaca da Silva, M. Piedade, “Método de Ensaio não 
Destrutivo Baseado em Variante de Sonda de Correntes Induzidas,” in 
Portuguese Patent PT 104089, 2008.  

[16] C.H.Smith, R.W.Schneider, T.Dogaru, S.T.Smith,“Eddy-Current Testing 
with GMR Magnetic Sensor Arrays,” in Review of Progress in 
Quantitative Nondestructive Evaluation, 2003. 

[17] J H. Scofield, “A Frequency-Domain Description of a Lock-in 
Amplifier,” American Journal of Physics, Volume 62, February 1994.  

[18]  Richard Wolfson, “The lock-in amplifier: A student experiment,” 
American Journal of Physics, Volume 59, Issue 6, June 1991. 

[19] B.Fredlund, “Techniques for Low-Cost Spectrum Analysis on 
Quadrature Demodulation Architectures,” Ph.D. dissertation, University 
of Saskatchewan, 2010.  

[20] R. S. Mishra and Z. Y. Ma, “Friction stir welding and processing,” 
Materials Science and Engineering R 50, 2005.  

[21] Jesse Lumsden, “The Corrosion Properties of Friction Stir Welded 
Aluminum Alloys,” ASM International, 2007.  

[22] A. P. Reynolds, “Defect Formation in Friction Stir Welds,” Lecture 
notes.  

[23] William J. Arbegast, “Friction Stir Joining: Characteristic Defects,” 
October 2003.  
 

 
 
	  


