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Abstract

New materials and manufacturing technologies require applicable non-destructive techniques for quality assurance
s0 as to achieve better performance. This study comprehensively investigated the effect of influencing factors includ-
ing excitation frequency, lift-off distance, defect depth and size, residual heat, and surface roughness on the defect EC
signals of an Inconel 738LC alloy produced by selective laser melting (SLM). The experimental investigations recorded
the impedance amplitude and phase angle of EC signals for each defect to explore the feasibility of detecting sub-
surface defects by merely analyzing these two key indicators. Overall, this study revealed preliminary qualitative and
roughly quantitative relationships between influencing factors and corresponding EC signals, which provided a prac-
tical reference on how to quantitively inspect subsurface defects using eddy current testing (ECT) on SLMed parts,
and also made solid progress toward on-line ECT in additive/subtractive hybrid manufacturing (ASHM) for fabricating
SLMed parts with enhanced quality and better performance.

melting, Inconel 738LC alloy
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1 Introduction

Additive manufacturing (AM) technique is designed
to fabricate structures using a ‘layer-by-layer’ approach
as opposed to the conventional ‘bottom up’ subtractive
manufacturing (SM) [1]. After extensive studies during
the past three decades [2], AM has been able to offer a
great deal of superior advantages for efficiently build-
ing parts with freedom of design, mass customization,
waste minimization, fast prototyping as well as high
geometric and material complexities [3-5]. These are
exactly the reasons why varied AM techniques are perva-
sively applied in various fields spanning from aerospace,
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automobile industries to biomedical engineering [6].
Despite those favorable features, the current AM tech-
niques are often confronted with multiple shortcomings,
such as limitation on materials, formation of various
defects, relatively poor surface finish, low dimensional
and geometric accuracies, which jointly lead to the infe-
rior mechanical properties and practical performance of
AM-built parts [3]. Among the shortcomings, internal
defects such as porosities, cracks and incomplete fusion
holes in the produced parts play an vital role in dete-
riorating the overall properties [7, 8]. As a result, these
shortcomings greatly hinder further application and pop-
ularization of AM techniques in industry [9].

In order to overcome the shortcomings concerning
AM-produced parts, a novel manufacturing technique
termed as additive/subtractive hybrid manufacturing
(ASHM) has been developed by generally integrating
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CNC machining into an additive manufacturing sys-
tem for the sake of complementing the advantages of
both approaches as well as minimizing their limitations
[10, 11]. Over the past decades, a large variety of efforts
have been exerted on the development of various types
of ASHM techniques. Manogharan et al. [12] put forward
a novel approach by combining electron beam melting
(EBM) with CNC machining to study how machining
parameters influenced the costs associated with the AM
and SM methods. Li et al. [13] proposed a novel 6-axis
hybrid additive-subtractive manufacturing process using
a six degrees of freedom robotic arm, which displayed a
great potential in reducing material waste and produc-
tion time, as well as improving the surface quality of the
built parts. Du et al. [7] introduced a new strategy for
ASHM of metallic parts by exploiting both simplex AM
and precision milling. After a comprehensive characteri-
zation of parts manufactured by various parameters, the
study summarized a valuable guide for determining the
ASHM process parameters. Although the present ASHM
techniques are realized through combinations of AM and
SM techniques, the research put an emphasis on control
of external surface quality and overall dimensional accu-
racies. However, the interior defects beneath a surface
were still not taken into account, not to mention in-pro-
cess defect detection and in-situ removal in the ASHM
process. Therefore, the way of integrating defect detec-
tion and removal into the ASHM process is highly benefi-
cial and essential in reducing interior defects and further
improving the strength and fatigue life of an AMed part.
In view of this situation, for the purpose of precisely
locating and characterizing internal defects without
altering the original attributes or harming the examined
material, numerous types of non-destructive testing
(NDT) methods are extensively investigated accordingly.
Among those frequently studied methods, optical inspec-
tion is able to directly detect abnormal melting pools, but
the accuracy for detecting subsurface defects is gener-
ally not high enough for practical applications [14]. For
directly locating subsurface defects, spatially resolved
acoustic spectroscopy (SRAS) is adopted to inspect both
surface and subsurface defects of the polished parts pro-
duced by selective laser melting (SLM) [15]. However, it is
difficult for SRAS to detect the subsurface defects deeper
than 100 um, which substantially limits its further practi-
cal applications. For more precise and direct inspection
of internal defects, X-ray computed tomography (XCT)
allows effective data acquisition of internal defects, and
is introduced for porosity and discontinuity detection in
components made by SLM [16]. However, this technique
is time-consuming in data acquisition, relatively cumber-
some in configuration and hazardous to personnel from
possible radiation. Therefore, it is nearly impossible to
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be integrated into an ASHM system. In addition, ultra-
sonic inspection has been considered as another promis-
ing technique in detecting subsurface defects. However,
the couplant which is dedicated to transmitting the ultra-
sonic signals is indispensable, which makes it difficult or
even impossible to be applied on complex shaped or fast-
moving components [17]. Moreover, as a contact-type
technique, the ultrasonic technique cannot be used at an
elevated temperature above 227 “C which is often the case
in ASHM [18]. In light of this problem, in order to get
rid of the couplant, an air-coupled ultrasonic inspection
is employed for defect detection, but it must be oper-
ated at frequencies less than 1 MHz with a limited spatial
resolution [19-21]. In this way, the air-coupled ultrasonic
inspection is only applicable for preliminary determina-
tions of defect size and location [22-24].

Although the NDT techniques mentioned above have
their respective advantages under certain circumstances,
they are generally unsuitable for ASHM. Therefore, for
the purpose of circumventing the drawbacks of the NDT
techniques, an effective technique called eddy current
testing (ECT) is thus established accordingly because
ECT can be easily applied in a large variety of materials
only if the materials being tested are electrical conduc-
tors where eddy currents can flow, just as the schematic
shown in Figure 1. As EC is highly sensitive to small
defects in surface and subsurface layers [25], a defect can
be detected and analyzed by ECT without complicated
information processing. Moreover, ECT is performed in
a speedy and simple procedure, which not only reduces
complicity but also saves time. Most importantly, its
non-contact detecting style allows for direct inspection
of high-temperature samples without any couplants or
coolants [26], thus rendering it fairly suitable as a quality
assurance device for an AM or ASHM system [27].

Due to its superior advantages over other NDT tech-
niques, the ECT technique has attracted more and more
attention over the past few decades. Tsukada et al. [28]
developed a novel ECT probe by using a dual-channel
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Figure 1 Schematic diagram of eddy current testing
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tunneling magnetoresistance sensor, which was helpful
for detecting defects in steel parts even at narrow points.
Mohanty et al. [29] established a correlation between
defect depth and diffusion time of eddy currents through
which the full sensitivity (0.5-1 nT) of the fluxgate sen-
sor was realized in a noisy environment. Inspired by the
capability of ECT, Jain et al. [30] verified the feasibility of
detecting defects in laser welded aluminum alloy pack-
ages through innovatively incorporating the GaAs-based
bare monolithic microwave integrated circuits in an ECT
device. As the EC signal was always interfered by the
noise in the environment, Koyama et al. [31] hence pro-
posed two novel types of probes to detect axial defects
and circumferential defects, respectively. As a result, a
relationship between the phase angle and depth of sur-
face defects was established. In our previous study, for
the purpose of facilitating on-line inspection and repair
operations, Du et al. [32] integrated a commercial EC
detector in an ASHM system. The whole manufacturing
process is repeated in a loop as shown in Figure 2: mate-
rial deposition (AM, Figure 2(a)) — machining (SM, Fig-
ure 2(b)) — defect detection (ECT, Figure 2(c)) — defect
removal (SM, if any, Figure 2(d)) — material deposition
(AM, Figure 2(f)) [32]. In the loop of ASHM, defect can
occur at any time, so in-situ ECT will be performed after
melting several layers of metal powders (the thickness
must be less than the detection limit of ECT tester, which
is usually thinner than 500 pm). Before performing ECT,
the SLMed layers will be machined using the milling cut-
ter to eliminate the interference of surface unevenness on
capturing EC signals. Once internal defects are detected
by the ECD tester, the depth of defects will be calculated
based on the EC signals. Then the SLMed layers can be
machined with the calculated depth of cut using the mill-
ing cutter. After milling, the ECD is performed again to
detect the defect, if defects are detected, the defect can
be removed using the milling cutter until the intensity
of defect EC signal is weak than the tolerance. Thus, the
SLMed layers are free of significant defects detectable by
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the EC detector. After that, SLM continues for several
layers, milling and ECT are repeated in a loop as men-
tioned above.

There are some prerequisites for the application of
ASHM. In ASHM, the parameters and process for SLM
are supposed to be highly mature and optimized, and the
SLMed parts should to be highly dense and stable. There-
fore, ECT is used for quality assurance not for instruct-
ing parameter optimization, which means ECT is mainly
used to detect several possible significant defects in
dense bulk material that may be induced because of sud-
den power fluctuation of laser beam or occasional insta-
bility of powder melting. Due to the limit of ECT tester,
current ECT cannot detect too small defects smaller than
200 pm, but current experimental results [7, 32] verify
that it’s feasible to detect significant defects and ensure
that the SLMed layers are free of significant defects
detectable by the EC detector. Therefore, current ECT
tester is qualified to act as quality assurance of SLMed
parts when only significant defects may appear. Thus, it
doesn’t matter when the ECT tester doesn’t have the abil-
ity to detect defects smaller than 200 pm.

In the study, SLM is employed as one of the AM tech-
niques to prepare the sample, i.e., Inconel 738LC alloy.
Inconel 738LC alloy is a low carbon nickel-based superal-
loy which is strengthened mainly through the precipita-
tion of y’ phase (Ni;(Al Ti)) and L1, crystal structure [33,
34]. Owing to its favorable features, such as high tem-
perature strength, toughness, hardness, oxidation resist-
ance and wear resistance [35], Inconel 738LC alloy has
been widely utilized as structural materials in aviation
[36, 37], space, chemical, and petrochemical industries,
etc. [38]. To the best of authors’ knowledge, the major-
ity of the previous studies pertaining to defect inspec-
tion with ECT mostly focus on materials produced by the
conventional manufacturing methods, few nickel-based
superalloys (including Inconel 738LC alloy) have been
processed by SLM at present, not to mention to test the
SLMed Inconel 738LC alloy by using ECT. In addition,
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conventional ECT requires multiple defect EC signals
and complicated signal processing to obtain useful infor-
mation of subsurface defects. Therefore, in this study, the
authors quantitatively investigated the effects of excita-
tion frequency, lift-off distance (the distance between
probe and sample surface), depth of defect (the distance
between the vertex of defect and the probe), residual
heat, defect size and surface roughness on the detected
EC signals of the SLMed Inconel 738LC alloy sample. As
two key indicators, both the impedance amplitude and
phase angle of EC signals for each defect were simulta-
neously recorded and analyzed to investigate how they
varied with the detection parameters, so as to explore
the feasibility of revealing the information of subsurface
defects by merely analyzing these two key detection indi-
cators of defect signals.

2 Experimental Methods

2.1 Sample Preparation

Commercial Inconel 738LC powders with an aver-
age particle size of 30.7 um (as displayed in Figure 3(a))
were used to additively manufacture a bulk alloy sam-
ple with dimensions of 50 mmx10 mmx15 mm on an
SLM machine (SLM Solutions 125HL, Germany). In Fig-
ure 3(a), Dv,o, Dvy, and Dvy, respectively mean that 10%,
50%, and 90% of the total particles are smaller than this
size. The average chemical compositions of the Inconel
738LC powders are listed in Table 1. The mass density of
the SLMed bulk Inconel 738LC alloy sample was tested
to be higher than 99 %, only micro defects (average defect
size < 20 pm) randomly scattering in a sample as shown
in Figure 3(b). After the SLM process, an SLMed Inconel
738LC alloy sample was machined by sinker electric dis-
charge machining (SEDM) and the machined sample is
illustrated in Figure 4. The sample is featured with four
through holes (cylindrical defects) with the diameter of
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Table 1 Chemical compositions of Inconel 738LC powders (wt.

%)

Ni Bal. Ti 3.36 B 0.008
Cr 16.07 Al 348 Zr 0.064
Co 8.60 @ 0.12 6] 0.010
W 256 Nb 0.83 N 0.005
Mo 1.83 Ta 1.82

0.4 mm, 0.8 mm, 1.2 mm and 1.6 mm, respectively, as
well as two parallel oblique planes with a 10° inclination
angle with respect to the cylindrical defects. Although
the artificial defect sizes are generally larger than the
existing defects in the SLMed sample, it’s useful to study
the correlations between each influencing factor includ-
ing excitation frequency, lift-off distance, defect depth
and size, residual heat, and surface roughness, and cor-
responding EC signals.

2.2 Setup for Eddy Current Testing
As shown in Figure 5, a differential EC probe with a diam-
eter of 5 mm is adopted in this study. The differential EC
probe consists of two coils wound in opposite direction,
which is capable of effectively detecting the magnetic
field change induced by the defect at a high sensitivity.
When one of them locates above a defect, a difference
in inductance is induced between these two coils, which
reflects the features of the defect such as depth, size or
shape etc. It is also able to suppress the noise interference
and detect smaller defects during an AM process [39].
The ECT setup (displayed in Figure 6) mainly consists
of five major components, i.e., a three-axis scanning
system, a three-point levelling platform, a computer, an
EC tester and a probe connected up with the EC tester.
The probe of the EC tester is mounted on the three-axis
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Figure 3 (a) Morphology and particle size of Inconel 738LC alloy powders, (b) polished Inconel 738LC alloy sample with micro defects
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Figure 4 Schematic diagram of bulk Inconel 738LC alloy sample with four cylindrical defects for ECT: (a) front view, (b) left view
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scanning system with which the probe is able to travel at
a speed from 1 to 1000 mm/s with a positioning accuracy
of 0.01 mm, and the travel range of the three-axis scan-
ning system is 500 mm along the three axes, i.e., X, Y and
Z axis. The three-point levelling platform placed on the
three-axis scanning system is dedicated to keep the upper
surface of sample parallel to the travel direction of the
probe. Besides that, the computer connected up with the
commercial EC tester (EDDYSUN EEC 35+, China) is
installed with a dedicated software for the purpose of

adjusting the parameters of excitation signals and analyz-
ing the data captured by the probe.

2.3 Mechanism of Eddy Current Testing

ECT works on the principle of Faraday’s law. It detects
variations in coil impedance in the same exciter coil or
voltage change in a separate coil [40]. When the exciter
coil is placed on different materials, the coil impedance
or voltage change in the receiver coil varies due to the
changes in electrical resistivity and magnetic permeabil-
ity of the materials [41]. The schematic representation of
the test coils is shown in Figure 5. The eddy current prin-
ciple can be explained by the following electromagnetic
equations [42]:

Z =R+ jolL, (1)

IZ| = VR? + w212, (2)
tan~1(wL

-, 3)

where Z is the magnitude and @ is the phase angle of
impedance. R is the resistance and wL is the inductive
reactance of the circuit.

Figure 7 shows the typical defect EC signals around the
defect location along the scanning direction and the cor-
responding loops on the impedance plane, respectively.
For each testing, a defect EC signal can be divided into
two components, i.e., resistance and inductive reactance
which vary with the location of the probe while scanning,
as shown in Figure 7(a). Figure 7(b) displays the corre-
sponding loops on the impedance plane. The included
angle between the inclination direction of each curve and
the negative direction of horizontal axis (resistance) is
defined as phase angle, annotated as angle @ in the fig-
ure [43]. Phase angle is a relatively independent indicator
regardless of the defect size and surface roughness [31],
if the depth of defect with different sizes is kept con-
stant, the defect phase remains almost the same. In addi-
tion, the defect phase angle is less impacted by surface
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Figure 7 (a) Typical defect EC signals around the defect location along the scanning direction, (b) corresponding loops on the impedance plane
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Table 2 Parameters adopted in the ECT experiments

Parameter Value
Diameter of defects (mm) 04,08,12,16
Lift-off distance (mm) 0.07-1.60
Frequency (kHz) 30-1000
Scanning speed (mm/min) 600

Gain (dB) 35

roughness [43], which indicates that effective ECT for
internal defects can be conducted even on a rough sur-
face only if signal-to-noise ratio (SNR) is well suppressed
and the effective defect EC signals can be extracted. In
this regard, the phase angle can be adopted as a key indi-
cator to reflect the depth of defect in ECT as well as for
further application in ASHM. Therefore, the amplitude
and phase angle of the loop obtained by the dedicated
software are used to analyze the effect of influencing fac-
tors in ECT.

2.4 Experimental Procedures of ECT

Table 2 summarizes the testing parameters adopted in
this study for achieving a good SNR. For all ECT tests,
the signal gain and scanning speed were kept consistent
and fixed at 35 dB and 600 mm/min, respectively; and
the eddy current scanning was conducted in the imped-
ance sweep mode where the impedance plane repre-
sented by resistance and inductive reactance could be
obtained. In order to eliminate background interfer-
ence, every time prior to inspecting defect signals, the
EC signals captured from the defect-free section of the

Scanning direction

#1 e

©0.4 mm @0.8 mm

Yl—b% i
V4 X =
Figure 8 (a) The sample with four artificial defects, (b) the

corresponding top view (The location of probe in the figure denotes
the zero point in the Y axis)

sample were set to zero by automatically adjusting the
output offset.

In the ECT experiments, the first step was to deter-
mine the optimal frequency for detecting the four arti-
ficial defects. As shown in Figure 8(b), the black circle
denoted the location of the probe in the Y direction
equal to zero, i.e., Y = 0. The probe scanned along the
longitudinal direction (X axis), and the excitation fre-
quency was adjusted from 30 to 1000 kHz to investigate
how the amplitude of EC signals shifted accordingly,
while the lift-off distance was constantly fixed at 0.07
mm. In order to investigate the influence of the lift-
off distance and depth of defect, two different detect-
ing strategies were introduced to the experiment. The
first strategy was implemented in this way: fixing the
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location of the probe in the Y axis at zero (Y = 0), and
scanning in the X axis by using the optimal excita-
tion frequency acquired from the previous step, then
increasing the lift-off distance and scanning again, just
repeating the route by this means and gradually elevat-
ing the height of the probe starting from the minimum
0.07 mm to 1.60 mm. The other strategy was also car-
ried out in a scanning-moving-scanning manner as
described in the first strategy, the only difference laid
in that: after each scanning the probe moved 0.20 mm
towards the positive Y direction from a starting loca-
tion at ¥ = — 3 mm, then the probe scanned again,
while maintaining the lift-off distance fixed at 0.07 mm
in the process.

Another influencing factor that needs to be taken into
account is the temperature involved in the process of
SLM and SM because it can cause considerable errors to
the EC probe. If the probe is kept in close contact with
a testing part with high temperature, the heat radiated
from the sample may not only damage the probe but also
cause an undesired impedance change in the probe, thus
impeding the defect detection [44]. In this regard, non-
contact inspections are considered as the simplest and
most convenient method to attenuate this effect [44].
However, by keeping the probe away from the sample
material, the magnetic induction inside the sample mate-
rial declines sharply, causing it more difficult to detect
defects due to the reduced EC signals [44]. Therefore, it is
necessary to study the influence of temperature on defect
detection. In order to investigate the effect of tempera-
ture on defect EC signals, a heating plate was utilized to
heat up the sample to simulate the temperature environ-
ment in the SLM process. In the experiment, the location
of the probe in the Y axis was kept constant at Y = 0, the
optimal excitation frequency was kept consistent with
that obtained in the previous tests, the lift-off distance of
the probe was fixed at 0.2 mm so as to avoid probe dam-
age from the hot heating plate.

The last factor to consider is surface roughness of
the bulk Inconel 738LC alloy sample. In the process of
ASHM, SM (e.g., milling) always follows AM before ECT
is conducted, so the surface discontinuity and uneven-
ness caused by SM will more or less introduce noise to
the detected EC signals, thus reducing SNR in ECT.
Given this situation, it is strongly necessary to assess
the influence of surface roughness on the EC signals to
exclude the impact of roughness introduced by SM in
ECT. In light of this, four types of abrasive papers with
mesh sizes of #80, #180, #1000 and #2000 were used to
polish the upper surface near the four defects (as shown
in Figure 5). Each time after polishing with one type of
the abrasive papers, a digital microscope (VHX-7000,
Keyence, Japan) was utilized to examine the surface
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morphology and measure the surface roughness of the
sample.

In this study, for each influencing factor, both the
impedance amplitude and phase angle of correspond-
ing EC signals for each artificial defect were simultane-
ously recorded. In addition, triple estimates were used
to obtain the quantitative values, and the results are pre-
sented as arithmetic means plus standard deviations.

3 Results and Discussion

3.1 Effect of Excitation Frequency

In ECT, there are two crucial influencing factors, i.e.,
eddy current density and penetration depth, dominating
the selection of excitation frequency for subsurface defect
detection. Penetration depth determines how deep the
probe can inspect for subsurface defects in ECT, which
depends on the electrical conductivity and magnetic per-
meability of the testing material as well as the EC excita-
tion frequency exerted on the material. The penetration
depth can be calculated as Eq. (4) [45—47], which can also
be converted as Eq. (5):

2 @

Uwo

1
5:‘/nf;w’ (5)

where § is the standard penetration depth in m, o is the
electrical conductivity in S/m, u is the magnetic perme-
ability in H/m, o is the angular velocity defined by w =
2nf, and f is the excitation frequency in Hz [47]. For a
given material, the electrical conductivity and magnetic
permeability of the material is normally considered to be
constant, so excitation frequency is the only key factor
affecting the penetration depth. According to Eq. (5), the
penetration depth is inversely proportional to the square
root of the excitation frequency, indicating that a lower
frequency is more preferred for improving the penetra-
tion depth of EC.

However, the absolute eddy current density is a func-
tion of the magnetic field strength and the excitation
frequency which are intensively influenced by the pene-
tration depth [46]. As penetration depth is getting larger,
the corresponding eddy current density attenuates expo-
nentially on account of the skin effect which refers to the
phenomenon that occurs when the frequency of the exci-
tation signal is increased, eddy current is thus induced to
a thin layer (or skin layer) near the surface of a sample
[32, 39, 48]. Based on the above mentioned, boosting
excitation frequency brings about two consequences. The
first is that a higher frequency reduces the penetration

§ =
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depth of EC according to Eq. (5), the second is that a
smaller penetration depth leads to higher eddy current
density due to the skin effect. In general, an increase in
excitation frequency causes two opposite effects in the
ECT of subsurface defects. Therefore, it is a vital issue to
balance between these two contradictory effects for the
purpose of identifying a suitable excitation frequency in a
successful ECT of subsurface defects.

In this study, the optimal excitation frequency is
determined in terms of the normalized amplitude of
the defect EC signals calculated from the impedance
plane. As illustrated in Figure 9(a), the normalized
impedance amplitudes of the four defect EC signals
are positively correlated with the defect sizes, and all
the curves fluctuate with an increase in the excitation
frequency. It is worth noticing that every curve fea-
tures with two peaks, which is ascribed to the competi-
tive effect of the boosted excitation frequency. As the
frequency increased, the curves soared up from the
beginning and reached a peak at near 170 kHz. Dur-
ing the process, the influence caused by EC penetra-
tion depth played a major role. As the frequency was
further improved, the curves continued to drop to a
valley around 280 kHz, then soared up thereafter until
arrived at another peak at about 450 kHz. During this
period, the penetration depth slowly decreased, reflect-
ing that less defect EC signal was captured. When the
amplitude of the curves approached another peak at
about 450 kHz, the impact generated from skin effect
played a dominant role. Similar to that occurring in
decreasing penetration depth, the eddy current density
near the subsurface of the sample became higher with
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boosting frequency because of the skin effect. After the
frequency surpassed 450 kHz, the curves dropped off
gradually due to the weakening effect of those two fac-
tors on the amplitude of the defect EC signals.

As shown in Figure 9(b), the corresponding imped-
ance phase angles of the EC signals from the four defects
increase with frequency. There is also a turning point at
around 280 kHz where the four curves are clearly divided
into two stages. In the first stage, with an increase in
the frequency from the beginning to around 280 kHz, a
sudden increase appeared around 170 kHz, and the dif-
ference among the four curves gradually decreased. How-
ever, in the second stage after frequency surpassing 280
kHz, four curves almost overlapped completely. Interest-
ingly, the phenomenon displayed in Figure 9(b) properly
verified that observed in Figure 9(a). In the first stage,
the influence resulted from the EC penetration depth
played a leading role, so the phase angles varied among
different defect sizes. However, in the second stage, the
excitation frequency was so high that the dominant skin
effect caused high-density eddy current concentrating
at almost the same depth, hence the four curves of the
defect EC signals detected from the same depth super-
posed accordingly.

Because of the skin effect, the high-frequency eddy cur-
rent tends to concentrate in the surface layer of a material
with its amplitude attenuating more drastically than that
with the lower frequency. As a result, in order to suppress
the skin effect, lower frequency, e.g., 170 kHz, was more
preferred for detecting defects with ECT in the SLMed
Inconel 738LC alloy sample. Hence, 170 kHz was utilized
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as the excitation frequency in the subsequent experimen-
tal investigations.

3.2 Effect of Lift-off Distance and Residual Heat in ECT

As a critical geometric factor in ECT, the lift-off dis-
tance is considered as an undesirable noise source and
normally exerts a negative impact on the amplitude of
defect EC signals [32] which can be summarized as fol-
lows: the higher the lift-off distance, the weaker the
inductive defect EC signals [49]. Figure 10(a) and (b)
demonstrate the normalized impedance amplitude and
impedance phase angle of the EC signals from the four
defects in regard to the lift-off distance, respectively. As
displayed in Figure 10(a), during the course of elevating
the lift-off distance from 0.07 to 1.60 mm, the impedance
amplitude of the defect signal was positively proportional
to defect size, and the four curves all revealed a gradu-
ally descending trend. When the lift-off distance was
increased to 1.60 mm, the impedance amplitude of the
EC signal from defect #1 became too weak to distinguish.
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The equation that best fits these points in Figure 10(a) is
a logistic function given by Eq. (6), where A}, A,, x,, and
p are constants:

A — Ay

U AT ©

The values of these constants as well as the correla-
tion coefficient (R,) of fitting curves are given in Table 3.
Four fitting curves all yield a correlation coefficient of
over 0.99, which indicates highly reliable fitting results by
using the logistic function.

However, the impedance phase angle in Figure 10(b)
displays a totally different trend with increasing lift-
off distance. As the probe was lifted to 0.4 mm from
0.07 mm, the phase angle of the four curves drastically
dropped by about 30°. Then, the curves remained almost
level thereafter. The phenomena revealed in Figure 10(a)
and (b) can be interpreted as follows. With elevating the
lift-off distance, the amplitude of the defect EC signals
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Table 3 Coefficients and correlation coefficients of fitting curves in Figure 10(a)

i A1—A
Equation y = W +A;
Defect size (mm) 0.4 0.8 1.2 1.6
Parameter Value Error Value Error Value Error Value Error
A 0.213 0.0046 0.486 0.0063 0.688 0.0093 1.00237 0.0161
Ay —0.002 0.0162 0.054 0.0180 0.087 0.0250 0.0921 0.0578
X0 0.779 0.0573 0.725 0.0296 0.719 0.0290 0.80069 0.0474
p 2478 0.3440 2.579 0.2271 2.689 0.0250 261041 0.3067
R2 0.994 0.998 0.997 0.996
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sharply attenuated accordingly but all four defects were
detected in the process. It indicated that for each defect
the effect of lift-off distance worked in the variation of
phase angle before the lift-off distance reaching 0.4 mm.
However, the phase angles of the EC signals were kept
constant after the lift-off distance reaching 0.4 mm, indi-
cating that the defect EC signals were captured from the
same depth and the lift-off distance exerted no significant
impact in the meanwhile. An exponential equation as
shown in Eq. (7) is used to fit these points in Figure 10(b),
where A, y,, and R, are constants.

y = yo + AeRor, (7)

The values of these constants as well as the correla-
tion coefficient of fitting curves are given in Table 4. The
exponential equation properly describes the variation of
phase angle with increasing the lift-off distance for four
groups of data.

In practical applications, ECT has to be conducted
at a certain lift-off distance so as to protect the probe

Page 10 of 16

from physical or thermal damage. This is because in the
ASHM of Inconel 738LC alloy, temperature on the con-
tact surface may rapidly rise due to intensive heat release
in the laser fabrication and machining process, so resid-
ual heat still remains after completing the manufacturing
process [50]. In light of these considerations, the sample
was heated up from 25 to 300 °C in the experiment to
simulate the temperature conditions. As displayed in Fig-
ure 11(a), EC signals are sensitive to temperature change.
By raising the temperature, the normalized magnitude
of the defect EC signals illustrates a near-linear increase,
which can be ascribed to the reduced magnetic perme-
ability and electric conductivity of the Inconel 738LC
alloy due to increased vibrations of the crystal lattice
that impede the motion of the conduction electrons [39,
51]. A linear equation is employed to fit the data in Fig-
ure 11(a), and the high correlation coefficients of over
0.95 confirm the reliability of linear fitting. The boosting
EC signal amplitude in this situation can be interpreted
in this way: as other parameters were fixed except the
temperature, the penetration depth went deeper with

Table 4 Coefficients and correlation coefficients of fitting curves in Figure 10(b)

Equation y = yo + AeRox
Defect size (mm) 0.4 0.8 1.2 1.6
Parameter Value Error Value Error Value Error Value Error
Yo 131.421 0.7168 139.093 1.5352 141.989 1.958 141.401 2357
A 34.2583 1.5974 32449 34572 31.987 41131 34.896 4.764
Ro — 4591 0.5216 — 4.697 1.2232 —4.092 1.2711 —3.834 1.2647
R2 0.983 0915 0.880 0.867
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the reduced magnetic permeability and electrical con-
ductivity of the material caused by higher temperature
according to Egs. (4) and (5) [51], thus defect EC signals
with a greater magnitude were captured as shown in
Figure 11(a). However, unlike the variation of the ampli-
tude of EC signals, the phase angles are kept stable with
increasing the temperature, as shown in Figure 11(b). As
other parameters except temperature are kept constant, it
indicates that the phase angles are irrelevant to the tem-
perature of the sample. In addition, the change of phase
angle in Figure 11(b) is the same as that revealed in Fig-
ure 10(b), which also implies that the phase angle of the
defect EC signals varies with the defect size. As a result,
the findings revealed in Figure 11(a) and (b) indicate that
non-contact ECT can be performed on an Inconel 738LC
alloy sample with temperature as high as 300 ‘C while
keeping a safe lift-off distance. In terms of incorporating
ECT on an ASHM machine, although the temperature
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has an impact on detection accuracy of ECT, the results
indicate that the impact is fairly limited.

3.3 Effect of Defect Depth

In the ECT of Inconel 738LC alloy sample, the detection
depth for subsurface defects is another crucial influenc-
ing factor to assess the potential of integrating the ECT
equipment into an ASHM machine. Figure 12(a) and (c)
reveal the effect of the depth of defect on the normal-
ized impedance amplitude and phase angle of the EC
signals from four defects along the Y direction. In the
experimental investigation, the probe started at Y = — 3
mm, and gradually moved towards the positive Y direc-
tion. The origin of the Y axis (Y = 0) was denoted by a
black circle as illustrated in Figure 8(b). As shown in
Figure 12(a), the signal amplitude of the four curves all
demonstrate a positive correlation with defect size, which
monotonically increase to a maximum value from Y =
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— 3.0 mm to Y= — 1.4 mm along the Y axis. Then the
curves take on a descending trend to a minimum value
at Y= 0.6 mm. At last, after a small rise at ¥ = 1.2 mm
the curves decline until where it is difficult to distin-
guish among the four curves. Figure 12(b) illustrates the
magnified part in Figure 12(a) and converts the horizon-
tal axis from Y positions to the corresponding depth of
defects. These four linear fitting curves indicate a perfect
inversely proportional relationship between impedance
amplitude of defect signals and the depth of defect.

In terms of the phase angle, as the probe moved along
the Y axis, the four curves arrived at a minimum value at
location Y = —2 mm at first then reached a peak at Y =
0.6 mm, generally illustrating drastic fluctuation around
the origin point of the Y axis, as shown in Figure 12(c).
Figure 12(d) illustrates the magnified part in Figure 12(c)
after Y exceeding 1.2 mm and converts the horizontal axis
from Y positions to the corresponding depth of defects.
It’s worth noticing that the phase angle and the depth
of defect also illustrates a linear relationship. In theory,
with the probe moving along the Y axis, the amplitude of
a defect EC signal should firstly increase then decrease
steadily without any anomalies, because the amplitude is
negatively correlated with the depth of defect in this cir-
cumstance and there ought to be only one minimal depth
of defect. Thus, there exists only one maximal amplitude
around the origin point in the Y axis where the depth of
the defect is the lowest. However, in the present experi-
ment, the amplitude anomalies of defect EC signals can
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be found in Figure 12(a), the corresponding phase angles
also fluctuate wildly, as shown in Figure 12(c). As a result,
the findings in Figure 12(a) and (c) indicate that as the
periphery reflects the EC signal and impedes its propa-
gation, the defect EC signals were significantly affected
by the periphery of a sample, thus bringing about signal
anomalies as illustrated in Figure 12(a) and (c). Moreo-
ver, it is also interestingly to notice that the curves of
amplitude and phase angle all take on a monotonically
descending trend without any fluctuations after loca-
tion Y = 1.2 mm, which suggests that they should be less
influenced by the periphery and could be used as indica-
tors to reflect the relationship between the defect EC sig-
nals and the depth of defect.

3.4 Effect of Surface Roughness

In the process of AM, rapid melting and solidification
of melt pools inevitably introduce surface discontinuity
and unevenness to a sample, acting as numerous micro-
defects, which will more or less affect the accuracy and
reliability of ECT. As shown in Figure 13, it includes the
surface 3D profiles and the values of surface roughness
(Sa) of the sample after grinding with various types of
abrasive papers. It reveals that the surface roughness of
a sample is positively proportional to the roughness of
abrasive papers. As shown in Figure 14, the correspond-
ing amplitude and phase angle of the EC signals from
the four defects reveal the same trend as displayed in
Figure 11. A linear equation is employed to fit the data

#2000 Sa=1.50 pm
_‘ﬁ'“‘ " N A \ ‘;"“‘H“

15.49um
14.30

11.92

0.00pm :
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Figure 13 Surface morphology of the sample ground with abrasive papers of mesh sizes of (a) # 2000, (b) # 1000, (c) # 180, (d) # 80
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in Figure 14(a), and the high correlation coefficient of
over 0.90 confirms the reliability of linear fitting. For
each defect, the amplitude of the EC signals declined
with increasing surface roughness, while its phase angle
remained constant in the process. Since prior to inspect-
ing defect signals, the EC signals captured from the
defect-free section of the sample were set to zero by
automatically adjusting the output offset so as to elimi-
nate background interference, therefore, the surface with
large roughness produced more noises, which thereby
caused a greater loss to the amplitude of the defect EC
signals after eliminating the background interference. In
addition, a coarser surface means greater surface discon-
tinuity, which, in a certain extent, alters the properties of
the sample surface thus affecting the defect EC signals.
In terms of the phase angle, it keeps stable while increas-
ing the surface roughness, which indicates that the phase
angle of EC signals is nearly not affected by the surface
roughness of the sample.

3.5 Effect of Defect Size

In SLMed parts, there normally exists three types of
defects, i.e., spherical porosities, incomplete fusion holes,
and cracks [8, 52]. The size of different defects varies in
a large range from 10 pm [53] to over 200 um [54], and
a qualified sample prepared by SLM normally does not
contain defects with a size over 100 pm. In this study,
in order to detect the defect size as well as evaluate the
performance of ECT on the SLMed Inconel 738LC
alloy sample, four artificial defects with a minimal size
0.4 mm were machined by SEDM due to its machining
size limit. The testing sample had a high mass density of
> 99 %, only containing a few defects as small as 20 pm

as illustrated in Figure 3(b). The size of the small defects
was far beyond the detection limit of the ECT tester, thus
nearly exerting no influence on the defect EC signals.
Although the artificial defect sizes are generally larger
than the existing pores in the SLMed sample, this study
is mainly aimed to investigate the correlations between
defect sizes and corresponding EC signals, further study
is still needed to improve the detecting accuracy of sub-
surface defects in SLMed parts.

The experiment conducted in this study uncovered pre-
liminary qualitative and roughly quantitative correlations
between the EC signal and the defect size, as shown in
Figures 9(a), 10(a), 11(a), 12(a) and 14(a), the amplitude
of the EC signals increases with an increase in defect size,
implying that the EC signal amplitude generally shows a
positive correlation to defect size no matter how other
parameters may change, which is in good accordance
with that reported by Du et al. [32]. For roughly quantify-
ing the relationship between defect size and the imped-
ance amplitude of defect signals, linear fit curves are
adopted as shown in Figure 15, and yield relatively high
correlation coefficients. In this regard, the amplitude of
an EC signal is a feasible indicator representing the size
of subsurface defect in the SLMed parts.

In terms of the relationship between the defect size and
the phase angle of the corresponding defect EC signals,
there is a similar trend between the amplitude of the EC
signals and the defect sizes, i.e., larger defects generate
defect EC signals with higher phase angles, as shown in
Figures 10(b), 11(b), 12(c) and 14(b). As displayed in Fig-
ure 15, linear fit curves are used to roughly quantify the
relationship between defect size and the corresponding
phase angle of defect signals. Although the phase angle



Guo et al. Chinese Journal of Mechanical Engineering (2021) 34:111

®  Normalized impedance amplitude 4177
R=0.990

Linear Fit
RS

1
3
=

4171

®m  Phase angle 4168 &

R’=0.884

Linear Fit

1
Phase angle (degree Celsius )

Normalized impedance amplitude
g

0.0 T T T T 162
0.4 0.8 1.2 1.6

Defect size (mm)
Figure 15 Relationship between defect size and the normalized
impedance amplitude and the impedance phase angle of the
captured defect EC signals

of an EC signal is proportional to the defect size, the
correlation is not as strict as that revealed between the
amplitude of EC signals and the defect sizes, for exam-
ple in Figure 9(b). More in-depth quantitative investiga-
tions based on physical models are still needed in future
research to establish precise correlations between the
geometrical features of defects and various influencing
factors in ECT.

4 Conclusions

This study evaluates the applicability of ECT technique in
detecting subsurface defects in an SLMed Inconel 738LC
alloy sample. After a comprehensive investigation on the
effects of excitation frequency, lift-off distance, defect
depth and size, residual heat, and surface roughness, on
the defecting EC signals from the Inconel 738LC alloy
sample produced by SLM, preliminary qualitative and
roughly quantitative relationships between these influ-
encing factors and the amplitude and phase angle of the
corresponding defect EC signals are revealed as summa-
rized in the following.

(1) The variation of amplitude and phase angle of
defect EC signals are governed by logistic and expo-
nential equations respectively with increasing the
lift-off distance.

(2) Non-contact ECT is applicable to detecting defects
at an elevated temperature up to 300 C, and the
phase angle of defect EC signals is nearly not
affected by the temperature.

(3) EC tests are strongly affected by the edge effect,
which however can be weakened if the probe
doesn’t move across the edge. The amplitude and
phase angle of defect EC signals are both revealed
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to be negatively proportional to the depth of defect
when testing away from the edge.

(4) Surface roughness introduces more noises to the
detection signal and compromises the amplitude of
defect EC signals, but nearly exerts no influence on
the phase angle of defect EC signals.

(5) The amplitude and phase angle of defect EC signals
are both revealed to be positively proportional to
the defect size, and can be taken as feasible indica-
tors representing the size of subsurface defects.

In general, this study reveals preliminary qualita-
tive and roughly quantitative relationships between
each influencing factor including excitation frequency,
lift-off distance, defect depth and size, residual heat,
and surface roughness, and corresponding EC sig-
nals based on a sample with artificial defects, which
achieves solid progress. Despite the fact that ASHM
isn’t mature enough to detect too small or too deep
defects, nor differentiate the types of internal defects
in SLMed parts, it doesn’t prevent current ASHM tech-
nique from removing significant defects within 1 mm
depth beneath the surface with a milling cutter under
the instruction of the ECD tester.

In future works, more comprehensive considerations
on the interplay among these influencing factors in the
real cases of SLMed parts will be intensively investi-
gated, and more efforts need to be exerted on improv-
ing the accuracy for detecting smaller defects with a
size less than 200 pm even 100 pm, so as to improve
the detecting efficiency and accuracy of ASHM. In
addition, further works still remain on the develop-
ment of integrated control software, prototyping of
ECT systems, and process optimization of ECT for the
advancement of ASHM.
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