
IEEE SENSORS JOURNAL 1

Heterodyne Eddy Current Testing Using
Magnetoresistive Sensors for Additive

Manufacturing Purposes
Henrik Ehlers, Matthias Pelkner, and Roland Thewes, Senior Member, IEEE

Abstract—In recent years additive manufacturing technolo-
gies have become widely popular. For complex functional
components or low volume production of workpieces, laser
powder bed fusion can be used. High safety requirements, e.g.
in the aerospace sector, demand extensive quality control.
Therefore, offline non-destructive testing methods like com-
puted tomography are used after manufacturing. Recently, for
enhanced profitability and practicality online non-destructive
testing methods, like optical tomography have been devel-
oped. This paper discusses the applicability of eddy current
testing with magnetoresistive sensors for laser powder bed
fusion parts. For this purpose, high spatial resolution giant
magnetoresistance arrays are utilized for testing in combina-
tion with a single wire excitation coil. A heterodyne principle minimizes metrology efforts. This principle is compared to
conventional signal processing in an eddy current testing setup using an aluminum test sample with artificial surface
defects. To evaluate the influence of the powder used in the manufacturing process on eddy current testing and vice versa,
a laser powder bed fusion mock-up made from stainless steel powder (316L) is used with artificial surface defects down
to 100 µm. This laser powder bed fusion specimen was then examined using eddy current testing and the underlying
principles.

Index Terms— Eddy current testing, giant magnetoresistance, additive manufacturing, laser powder bed fusion, 316L,
heterodyning.

I. INTRODUCTION

COMPARED to conventional manufacturing techniques
like milling, additive manufacturing (AM) enables pro-

duction of relatively complex workpieces without wasting
much material. Laser powder bed fusion (LPBF) represents
an AM approach, which is nowadays common in industry.
Here, metal parts with complex geometries are produced by
melting subsequently layer after layer of powder with a laser
retaining the properties of the base material [1]. This manu-
facturing process is not easy to control and slight differences
in powder, temperature, speed, or other parameters can lead
to a variety of defects in the processed material changing its
mechanical properties and therefore decreasing its structural
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integrity [2], [3]. The manufactured parts are tested afterwards
either with destructive testing methods to evaluate process and
material parameters, or non-destructive testing (NDT) so that
the workpiece can still be utilized after testing is completed.

There are approaches and systems integrating NDT methods
into LPBF setups for online testing of each layer. Known meth-
ods are pyrometry, imaging (visible to near-infrared (NIR)),
thermography (NIR to long-wavelength infrared (LWIR)) and
interferometry [2], [4]–[6]. Previous work in this field has
shown that LPBF parts embedded into powder can be tested
with commercially available eddy current testing (ET) equip-
ment [7]. After discovery of the giant magnetoresistance
(GMR) effect [8], [9], GMR-based probes have proven that
they are not only suitable for ET applications [10] but that
they also outperform sensor coil-based systems in spatial
resolution [11]. A single wire coil can be applied [12], [13]
to precisely induce eddy currents. For easier signal condi-
tioning of large GMR arrays, principles like multiplexing
and heterodyning were implemented with discrete components
or integrated into Application Specific Integrated Circuits
(ASICs) ([14]–[18]. A probe design similar to the one in
this paper, was used and compared to conventional coil based
ECT in [17], [18] where an additional ASIC for signal condi-
tioning was deployed. However, the discrete implementation
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translates into a flexible, low cost solution thanks to its
simplicity.

The testing width of those single wire probe designs can
be expanded which makes it not only applicable in LPFB
applications but also suitable for general ECT of wide flat
surfaces where high testing rates are required. In this paper,
these approaches are combined to set the basis for online ET
of LPBF parts.

II. METHODS

A. GMR Characteristics

The used GMR array is adapted for NDT applications and
consists of 32 sensitive elements which are located near the
edge of the chip.

Therefore, it can be positioned directly above the surface of
the specimen to maximize the signal-to-noise-ratio (SNR).The
pitch of 125 μm is suitable for detecting defects in this order
of this magnitude [17]. The array as such was developed earlier
within the framework of another project [17]. Transfer curve
and frequency spectrum are measured using an OMICRON
LAB Bode 100 vector network analyzer. To compare several
elements of the whole array, four randomly chosen GMR
elements are characterized.

Fig. 1 a) shows the characteristics of four GMR elements.
The deviation of the slope in the linear region translates into
a deviation in sensitivity between the elements. This does not
only lead to variations of the nominal resistance value R0
without any magnetic field but also to resistance differences
in the saturation regions.

The transfer curve shows that the presence of a magnetic
field leads to ∼ 6 % resistance change compared to R0. The
transfer curves reveal a linear region between roughly - 3 mT
and + 5 mT. The linear region is approximated by the transfer
function described through:

RHZ = SG M R · HZ + R0 (1)

There, SGMR is the sensitivity of the GMR element, R0 its
the nominal resistance, and Hz is magnetic field the device is
exposed to. As an example, the transfer function of GMR1 is:

��RHZ = 1.13
mT

· HZ + 168.50 (2)

The frequency spectrum of the four GMR elements is
shown in Fig. 1 b). The differences of the respective values
R0 are clearly visible. The spectra are flat up to the measured
maximum frequency of 10 MHz.

B. Heterodyne Principle

The frequency of the excitation coil determines the penetra-
tion depth of the eddy currents into the material, and therefore
also determines whether buried defects can be detected or only
surface defect information is provided in the measurement
signal. For this reason, the excitation frequency should be
adjustable over a wide range (some kHz to some MHz).
To fulfill the Nyquist theorem the sampling rate used for
data acquisition must extend twice the maximum excitation
frequency.

Fig. 1. a) GMR array characteristics for four randomly chosen GMR
elements from a 32-element array and the approximated transfer curve
(TF) within the linear region of GMR1 following (1). b) Frequency
response of the four GMR elements without additional magnetic field.

Furthermore, the measured magnetic fields are in the order
of a few μT [16] which leads to resistance changes of a
few m�. Thus, ADCs providing high sampling rate and high
resolution would be required. To keep the sampling rate as well
as the influence of inductive coupling sufficiently low and to
be robust against electromagnetic interference (EMI), a het-
erodyne principle is proposed in [14], [16]. Under condition
that not only a current Icoil through the coil with frequency f1
is applied but also an AC current IGMR is forced through the
GMR element with frequency f2, heterodyne frequencies are
formed containing the magnetic field information. One of these
frequency components is of much lower frequency compared
to both, f1 and f2, if these frequencies are adequately chosen
and the following condition applies:

f1 − f2 � f1 + f2

2
(3)

To conserve phase information of the testing signal, gener-
ated frequencies f1 and f2 share a common reference clock.
Heterodyning is achieved by using the circuit configuration
depicted in Fig. 2. The GMR element RGMR is operated in a
Wheatstone bridge configuration with a potentiometer RPot for
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Fig. 2. Single GMR measurement using a Wheatstone bridge con-
figuration with potentiometer Rpot for trimming, frequency generator with
frequency f1 for excitation coil current provision, and frequency generator
with frequency f2 for generating the bridge supply voltage to apply the
heterodyne principle.

trimming. The excitation coil with inductance Lcoil is driven
with a sinusoidal current of frequency f1. The Wheatstone
bridge is operated with a sinusoidal voltage of frequency f2,
which results in a sinusoidal current IGMR trough the GMR
element.

Due to the sinusoidal current through Lcoil the resistance of
the GMR element RGMR can be modeled by (4), with R0 being
the nominal resistance without external field, ω1 being the
angular frequency of the excitation and α being a fit parameter.
The value of α depends on GMR sensitivity, distance from
GMR and coil to the specimen coil current, and coil-to-GMR
adjustment.

RG M R = R0 (1 + α · cos (ω1t)) (4)

Considering the voltage divider configuration in both
branches of the bridge, and with V̂2 being the amplitude of the
bridge supply voltage with angular frequency ω2, for voltages
VGMR and Vref we achieve

VG M R = RG M R

R1 + RG M R
· cos (ω2t) · V̂2 (5)

and

Vre f = RPot

R2 + RPot
· cos (ω2t) · V̂2. (6)

Using

R1 = R2 = RPot = R0 (7)

and (4), (5) can be written as:
VG M R = R0 (1 + α · cos (ω1t))

2 · R0
(
1 + 1

2α · cos (ω1t)
) · cos (ω2t) · V̂2. (8)

Because of |α| � 1, VGMR can be approximated by:

VG M R ≈ 1

2
· (1 + α · cos (ω1t))

·
(

1 − 1

2
· α · cos (ω1t)

)

· cos (ω2t) · V̂2 (9)

≈ 1

2
· cos (ω2t) · V̂2 + 1

4
α

· cos (ω1t) · cos (ω2t) · V̂2. (10)

Fig. 3. Measurement circuit configuration using a heterodyne principle
with a single GMR element in Wheatstone bridge configuration, a
potentiometer for trimming in the opposite branch, a frequency generator
with frequency f1 for the excitation coil current, a frequency generator
with frequency f2 for generating the bridge supply voltage, and an
instrumentation amplifier (consisting of buffer amplifiers and difference
amplifier).

By using an addition theorem, (10) can be re-written as:
VG M R ≈ 1

2
· cos (ω2t) · V̂2

+1

8
α (cos ((ω1 − ω2) t)

− cos ((ω1 + ω2) t)) · V̂2.(11)

Equation (11) shows the effect of the heterodyning principle
with two other frequency components being formed. One of
these frequencies is ω1 - ω2, the other one equals ω1 + ω2.
This implies that heterodyning in principle could be performed
with only one half of the bridge. However, the large remaining
portion of the biasing voltage in this case would minimize the
usable dynamic range of the amplifier input. By using the
difference voltage between VGMR and Vref

Vdi f f = VG M R − Vre f , (12)

calculating the difference of (6) and (11), and using (7),
there are only heterodyne terms in the resulting voltage
difference Vdiff :

Vdi f f ≈ 1

8
α ·(cos((ω1−ω2) t)−cos ((ω1 + ω2) t)) · V̂2. (13)

This result is simplified in the sense that it does not consider
inductive coupling into the GMR elements and traces due to
the excitation coil. It also suggests the assumption that the bias
voltage is fully canceled out. This is unfortunately not possible
for all frequency ranges because the difference voltage is
measured using an instrumentation amplifier consisting of two
buffer amplifiers followed by a difference amplifier (Fig. 3).
The buffer amplifiers with their high impedance inputs min-
imize the load on the bridge and the difference amplifier
is cancelling out the bias voltage. The finite common mode
rejection ratio (CMRR) leads to an imperfect cancellation for
high frequencies and high bias voltages. The output voltage
of the difference amplifier is then bandpass-filtered to separate
the heterodyne frequency component.

To show that heterodyning is applicable the output spectrum
of the instrumentation amplifier is measured. Data acquisi-
tion is performed using the spectrum analyzer module of
a STEMlab 125-14 by Red Pitaya d.d (Solkan, Slovenia).
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Fig. 4. Frequency spectrum of instrumentation amplifier output using a heterodyne principle a) without and b) with excitation at frequency f1.

Fig. 5. GMR probe (Sensitec GmbH, Wetzlar (Germany)) with GMR
array and a single wire coil under resin.

The output spectrum of the difference amplifier without exci-
tation is plotted in Fig. 4 a). The bias frequency f2 is visible
in the spectrum at 980 kHz due to the non-ideal behavior of
the amplifier, i.e., the bias signal is not fully compensated.
The effect of adding the excitation frequency f1 at 1 MHz
is shown in Fig. 4 b). A low frequency component f3 =
f1 − f2 is formed (together with a high frequency component
f4 = f1+ f2, which is not shown in this figure). In addition,
the excitation frequency is present in this spectrum due to
inductive coupling. A similar measurement is published in [16]
with lower excitation and bias frequencies. When choosing a
heterodyne frequency above 10 kHz, noise of the MR element
is around 3 nV/

√
Hz [16], as required to measure magnetic

fields in the μT range.

C. Measurement Setup and Test Samples

To detect defects in μm range, a sensitive ECT probe is
necessary. To maximize the sensitivity, the distance between
the GMR elements and specimen must be minimized. This was
achieved by utilizing a GMR array with its sensitive elements
close to the edge of the chip.

To precisely induce eddy currents while keeping distance
between GMR Elements and specimen small, a single wire
coil with a cross section of 125 μm by 20 μm is positioned
in front of the array. Both, array and coil are coated with resin
for protection. The GMR probe, shown in Fig. 5, is manufac-
tured by Sensitec GmbH (Wetzlar, Germany). A comparable
approach was used in [17], [18] where an additional ASIC for
signal conditioning was deployed.

The measurement setup to utilize this GMR probe is shown
in Fig. 6. Whereas future applications will utilize every ele-
ment of entire arrays to achieve high spatial resolution at

Fig. 6. Simplified sketch of the measurement setup. 1) Specimen,
2) power supply, 3) – 5) frequency generators, 6) lock-in amplifier,
7) and 8) filter, 9) i/o module, 10) DAQ System, 11) PC with software,
12) amplifier PCB, and 13) GMR probe, respectively.

high testing speed and thus high throughput, here only a
single GMR element is operated to investigate the feasibility
of the method as such using the instrumentation amplifier
configuration shown in Fig. 3.

The current in the single wire coil is driven by a frequency
generator operated at frequency f1. A second frequency gen-
erator providing f2 is used to generate the bias voltage for the
Wheatstone bridge. The output signal of the instrumentation
amplifier is directly fed into a lock-in amplifier, whose ref-
erence frequency is generated by a third frequency generator
which is set to f3 = f1 - f2. The lock-in amplifier is utilized
for I/Q demodulation. Two analog outputs containing X and
Y information are filtered and connected to a data acquisition
(DAQ) system. A scanning table (not shown) moves the probe
along the surface of the specimen, and a PC controls the
motion and the DAQ system.

To demonstrate that ET of a LPBF part is feasible, a mockup
is prepared. A LPBF specimen entitled “316L-SLM-200”
with artificial defects is printed utilizing 316L powder. The
specimen is manufactured following a.STL file using an SLM
280 LPBF machine from SLM Solutions (Lübeck, Germany).
The parameters used for manufacturing are listed in Table I.

The specimen contains 8 artificial surface defects and a
marker for identification built into the part during the manu-
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TABLE I
MANUFACTURING PARAMETERS FOR 316L-SLM-200 SPECIMEN

WITH ARTIFICIAL SURFACE DEFECTS

Fig. 7. LPBF specimen from 316L with artificial defects (316L-SLM-200).

facturing process. After manufacturing it is separated from the
build plate using a saw. For improved testability the bottom
is milled planar to the surface. The height of the specimen
after post processing measures 5.6 mm. The finished part is
displayed in Fig. 7. Two of its artificial defects are magnified.
Due to the high surface and wall roughness, low defect
depth and inaccuracies in geometry, precise defect dimensions
cannot be extracted. However, notch widths between 100 μm
and 200 μm and hole diameters of approximately 400 μm are
estimated.

The specimen is adhered to a plastic frame filled with
316L powder to emulate powder influence. Fig. 8 shows the
specimen embedded in a frame filled with powder together
with the GMR probe and the amplifier PCB.

III. RESULTS

A. Heterodyning

The heterodyne principle is applied for the investigation
of an aluminum test sample with artificial surface defects.
The defects are five holes with a diameter of 440 μm and a
depth of 250 μm, respectively. They are manufactured using
Electrical Discharge Machining (EDM). A CAD drawing of
the defects is shown in Fig. 9 a). The sample is tested using
the GMR probe with a PCB-based instrumentation amplifier
with a gain of 40 dB utilizing a single GMR element in scan-
ning configuration. The coil current Icoil is set to 200 mApp
at an excitation frequency of f1 = 1 MHz. Two tests are
performed. For the first (non-heterodyne) test the GMR current
IGMR is set to 5 mA DC. The ET data of this test are

Fig. 8. Eddy current testing of LPBF specimen in 316L powder with
artificial defects using GMR probe and amplifier PCB.

shown in Fig. 9 b) as a jet plot on the right and a line scan
along the dashed line on the left. The second (heterodyne)
test is performed applying a sinusoidal GMR current with an
amplitude of 5 mApp and a frequency of f2 = 980 kHz.
The ET data are displayed in Fig. 9 c) as a jet plot on the
right and a line scan along the dashed line on the left. The
SNR is calculated using the RMS amplitude of the surface
VRMS,surface as reference value and the RMS amplitude of the
defects VRMS,defect along the 2D plot.

For both measurements, the single holes from the artificial
defect structure can be resolved. The difference in phase
angle found in Figs. 9 b) and c) originates from a difference
of the phase angle of reference frequency f3 to the phase
angle of the excitation frequency f1. Additionally, the SNR
is reduced when applying the heterodyne principle because
the magnetic field information is split into two components
( f1 - f2 and f1+ f2). Nevertheless, heterodyning reduces the
carrier frequency and therefore lowers the required sampling
rate of the ADCs of the DAQ system. Thereby, the testing
width can be economically scaled, which makes full build plate
testing possible at all.

B. Powder

To verify that powder properties do not influence the mea-
surement, the 316L-SLM-200 specimen is tested with and
without powder. The measurement setup used is the same
as shown in Figs. 6 and 8. For both tests, the heterodyning
principle is applied. A coil current Icoil of 200 mApp is applied
with an excitation frequency of f1 = 1.5 MHz. The GMR
current IGMR is set to 5 mApp and a frequency of f2 =
1.48 MHz resulting in a reference frequency of f3 = 20 kHz
for the lock-in amplifier. For the second test, powder is added
to the frame. All other settings remain unchanged.

Fig. 10 b) shows the ET data with powder as a grayscale
plot on the left and a line scan along the dashed line on the
right. The dashed dotted box indicates the area of the plastic
frame, that can be filled with powder.

Both sets of data are nearly identical, and any influence
of powder is not observed. The contour of the specimen can
clearly be distinguished from the surrounding area in both
cases. The artificial surface defects are detected. Furthermore,
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Fig. 9. a) CAD drawing of artificial defects in aluminum test sample. b) ET data of artificial defect in aluminum test sample without heterodyning. c)
ET data of artificial defect in aluminum test sample with heterodyning.

Fig. 10. ET data of 316L-SLM-200 printed part a) without and b) with
powder (surrounding area that can be filled with powder is indicated by
the dash-dotted line).

diagonal lines in the bottom right corner of the specimen
are visible in both images. These lines result from surface

non-homogeneities. They originate from the LPBF scanning
strategy where two beam paths overlap.

C. Artificial Surface Defect

To evaluate how the GMR probe behaves in the case
of small surface defects, one artificial surface defect of
316L-SLM-200 is investigated in more detail. The CAD draw-
ing of the desired defect geometry is presented in Fig. 11 a).
A microscopic picture of the artificial surface defect after
manufacturing is shown in Fig. 11 b). The measurement setup
used is the same as already introduced in Figs. 6 and 8.

Heterodyning is applied, coil and GMR currents, Icoil
and IGMR, of 200 mApp with excitation frequencies
of f1 = 1 MHz and f2 = 980 kHz, respectively, are used
resulting in a reference frequency of f3 = 20 kHz for the
lock-in amplifier. The ET data are plotted in Fig. 11 c) as a
jet plot on the left and a line scan along the dashed line on
the right.

The actual defect dimensions are not measured since proper
depth and width information cannot be extracted due to
roughness of specimen surface and walls of the notches. These
non-homogeneities are visible in Fig. 11 b): they are related
to small target geometries and the LPBF machine working
at its resolution limits. A slight decrease in width from the
bottom to the top notch is noticeable but the reduction is not
as pronounced as in the CAD drawing (Fig. 11 a)). The data
in Fig. 11 c) show that all four notches are detectable and
a separation in space of the defects is possible. The notches
slightly differ in width, which is also slightly visible in the
data.

IV. DISCUSSION

The measurements carried out in section II.A demonstrate
that the applied GMR probes are suitable for ET with exci-
tation frequencies of up to 10 MHz. With 1.13 �/mT the
sensitivity SGMR of the elements is sufficient. MR sensors
based on other quantum mechanical effects like tunnel mag-
netoresistance (TMR) offer much higher sensitivities of up to



EHLERS et al.: HETERODYNE ET USING MAGNETORESISTIVE SENSORS 7

Fig. 11. a) CAD drawing of desired defect geometry (depth 200 µm).
b) Microscopic picture of artificial surface defects in 316L-SLM-200 spec-
imen. c) ET data of artificial surface defects in 316L-SLM-200 specimen.

∼500 �/mT and a higher MR effect of up to ∼160% compared
to their nominal resistance [18]. However, the higher noise [19]
limits the accuracy and possible SNR of the whole ET system.

Furthermore, the heterodyne principle is not only a good
signal conditioning method for decreasing the sampling rate
of the data acquisition system by at least a factor of 50 but also
enables reduction of the effect of inductive coupling induced
by the excitation coil. Without heterodyning the expansion
of the ET system to the whole LPBF build plate size is
not economical. Although the SNR of the ET data with
heterodyning obtained in section II.C is 26 dB, and, therefore,
7 dB lower than without, the artificial defect structures are
detected.

Beyond that, embedding the 316L-SLM-200 specimen in
316L powder is an adequate method for simulated online
testing of LPBF parts, although other environmental condi-
tions like gas, pressure or temperature are not considered
in this experiment. Nevertheless, the temperature will have
an influence on the testing. During manufacturing of the
LPBF sample the maximum measured temperature was around
100◦C. At this temperature the conductivity of 316L is 13 %
and the sensitivity of the probe 20% lower than at room
temperature [20]. This results in an overall reduction of
around 30 %.

However, feasibility is clearly demonstrated as the powder
does not have an impact on the measurement results due to
its much lower conductance. Furthermore, magnetic effects
on powder are not observed during testing. Due to the single
wire coil the magnetic field strength is too small to have any
relevant physical effect on the powder. Both properties, i.e., not
influencing the powder and not being influenced by it, combine
to a key factor for online ET of LPBF parts.

Surface defects in the order of 100 μm can be detected.
This makes this approach feasible for LPBF parts since
defects sizes that occur during manufacturing are expected
in the same order of magnitude. The results obtained in
this paper are promising for online monitoring of LPBF.
The geometry of the produced parts is visible and can be
collected for each layer. Interestingly, not only artificial surface
defects are detectable but also diagonal lines due to the
laser scanning strategy. These artefacts are not deliberately
manufactured but are clearly detected by the characterization
method. The surface of the specimen and the background
have the same noise level of roughly 100 mVpp. Therefore,
no difference due to higher surface roughness of the part is
detected.

For enhanced information about the defect depth, Pulsed
Eddy Current Testing (PECT) [21] may be considered. This,
however, would increase complexity of the excitation sig-
nal generation and has not yet been considered in this
work.

V. CONCLUSION

ET with MR sensors is a promising technique for the
characterization of LPBF manufactured parts. The heterodyne
principle minimizes metrology efforts while maintaining the
defect information in comparison to conventional signal con-
ditioning. Powder used in the LPBF process does not have
any influence on ET and vice versa, which is an important
fact for future online ET of LPBF parts. While testing a 316L
test sample with artificial defects, it is shown that defects in
the order of 100 μm can be detected.

In the future this approach will be extended towards online
testing of each layer during the manufacturing process and
combined with additional NDT methods for online monitoring
of LPBF parts.

Although the first results show that the SNR decreases using
the heterodyne approach, its reduced complexity, higher cost
efficiency and the lack of inductive coupling from excitation
wires, makes it a promising approach for future online moni-
toring of LPBF parts.
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