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Abstract. The article deals with Non-Destructive
Evaluation (NDE) of austenitic stainless steels. Eddy
current, ultrasonic testing and mon-contact magnetic
field mapping methods are used for this purpose. ECA
(Eddy Current Array) and TOFD (Time of Flight
Diffraction) are methods that have become widely-used
i the field of NDE and this is the reason for their
utilization. Magnetic field mapping is nowadays an
effective method of evaluation of surface-breaking de-
fects mainly in ferromagnetic materials. The fluz-
gate sensor-based measurement is presented and dis-
cussed. The artificial fatigue and stress-corrosion ma-
terials cracks are inspected. Experimental results are
presented and discussed in this paper.
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1. Introduction

The role of non-destructive evaluation of material
structures is undeniable worldwide. Periodic inspec-
tion of components and devices ensures their safe, ef-
fective and long-term operation. New methods and de-
vices are still being developed and designed to tackle
gradually increasing demands for reliable detection and
precise characterization of material discontinuities. In-
creased R&D activities in the field of Non-Destructive
Evaluation (NDE) have been motivated by the need
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for precise evaluation of cracks and flaws for the as-
sessment of the expected life of mechanical compo-
nents. NDE of materials is based on numerous phys-
ical principles and phenomena. In recent years, elec-
tromagnetic methods, especially Eddy Current Test-
ing (ECT), have attracted increasing attention. Eddy
Current Testing (ECT) is one of the widely utilized
electromagnetic NDE methods. It works based on the
interaction of time-varying electromagnetic field with
a conductive body according to the Faradays electro-
magnetic induction law. There are many advantages
such as high sensitivity for surface breaking defects,
high inspection speed, contact-less inspection, versa-
tility, maturity of numerical means that account for
continuously enlarging application area of the ECT
mainly in nuclear, petrochemical and aviation indus-
tries [1I, [2] and [5]. Some of the current innovations
of the ECT account for increasing information rate of
sensed responses and include especially new excitation
techniques such as pulsed, chirp and sweep-frequency.
Other advances incorporate eddy current sensor arrays,
flexible probes and new probes with magnetic sensors
such as Hall sensors, Fluxgate magnetometers, SQUID
and GMR sensors to detect small perturbation fields.
The magnetic field mapping can be performed using
the fluxgate sensor non-contactlessly. This allows in-
spection of the region of interest without external ex-
citation. The gained DC field values, measured in cer-
tain positions can provide useful information about the
inspected structure [6] and [7].

Ultrasonic Non-Destructive Testing, also known as
ultrasonic NDT or simply UT (Ultrasonic Testing), is
a method of characterizing the thickness, or internal
structure of a test piece through the use of high fre-
quency sound waves. Development in the field leads to
new measuring techniques such as TOFD and Phased
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Arrays (PA). This measuring technique increased prob-
ability of defect identifications because of larger scan-
ning area together with enhancement of the measuring
equipment. The problem of defects detection might oc-
cur in complex geometry structures where some false
echoes can be representing what might lead to incor-
rect identification of the defects. The frequencies, or
pitch, used for UT are many times higher than the
limit of human hearing, most commonly in the range
from f = 500 kHz to f = 20 MHz. High frequency
sound waves are very directional and they will travel
through a medium (e.g. a piece of steel or plastic) un-
til they encounter a boundary of another medium (e.g.
air), at which point they reflect back to their source.
By analysing these reflections, it is possible to measure
the thickness of a test piece, or find evidence of cracks
or hidden internal flaws [3], [4] and [8].

The main aim of this work is to compare three
widely-used measuring techniques, applied on the
austenitic biomaterials with presence of the real cracks.
For this purpose, commercially available equipment is
utilized. The reason for such inspection lies in the fact
that the inspected material was periodically loaded.
Thus, the phase transition (austenitic to the marten-
sitic state) is revealed. Since the transition occurs,
magnetic properties are changed and previously non-
magnetic material becomes ferromagnetic. Processing
and a comparison of measurements is performed. Both
the real fatigue and stress-corrosion cracks made under
the defined conditions are evaluated.

2. Eddy Current Array

Method

Eddy Current Array (ECA) is a nondestructive test-
ing technology that provides the ability to electroni-
cally drive multiple eddy current coils, which are placed
side by side in the same probe assembly, Fig. [1. Each
of the individual eddy current coils of the probe pro-
duces a signal relative to the phase and amplitude of
the structure below it. This data is referenced to an en-
coded position and time and represented graphically as
a C-scan image. Most conventional eddy current flaw
detection techniques can be reproduced with ECA in-
spections; however, the remarkable advantages of ECA
technology allow improved inspection capabilities and
significant time savings.

Data acquisition is performed by a multiplex of eddy
current coils in a special pattern to avoid mutual in-
ductance between the individual coils. Most conven-
tional eddy current flaw detection techniques can be
reproduced with an ECA inspection. With the bene-
fits of single-pass coverage and enhanced imaging capa-
bilities, ECA technology provides a remarkably pow-
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erful tool and significant time savings during inspec-
tions. The ECA technology includes the following ad-
vantages: larger area can be scanned in a single-probe
pass, while maintaining a high resolution, less need for
complex robotics to move the probe; a simple manual
scan is often enough; C-scan imaging improves flaw de-
tection and sizing. Complex shapes can be inspected
using probes customized to the profile of the part being
inspected [5].
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Fig. 1: ECA method: the principle of multiplexing between el-
ements and the scanning principle [5].

3. Time of Flight Diffraction

Ultrasonic Technique

The TOFD technique is a newly developed but well es-
tablished ultrasonic testing technique which has gained
popularity in the recent past due to its greater ability
in detection, positioning and sizing of the defects. This
technique has been widely used in examination of thick
wall welds especially in nuclear power plants. The main
advantage of this technique is its higher probability of
detection and reduced inspection time. In TOFD tech-
nique, symmetrical and separate transmitter-receiver
pair of ultrasonic probes is maintained at equal dis-
tances by a rigid bar. The probes are displaced steep
wise along a straight line. At each position, an incident
ultrasonic wave is emitted with a 45° to 60° angle. The
diffracted waves generated after the interaction with
the incident wave are converted to an electric pulse
that is digitized, and the amplitudes of their samples
are converted to grey levels and constitute pixels of
one row in the formed image. High amplitudes are dis-
played as white pixels, low amplitudes as black pixels,
and zero amplitude is displayed as grey levels. TOFD
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systems use a pair of ultrasonic probes sitting on op-
posite sides of a welded joint or area of interest. The
transmitter probe emits an ultrasonic pulse which is
picked up by the receiver probe on the opposite side,
Fig.[2] In an undamaged part, the signals picked up by
the receiver probe are from two waves, one that travels
along the surface (lateral wave) and one that reflects-
off the far wall (back-wall wave, back-wall reflection).
When a discontinuity such as a crack is present, there
is a diffraction of the ultrasonic sound wave of the top
and bottom tips of the crack. Using the measured time
of flight of the pulse, the depth of the crack tips can be
calculated automatically by trigonometry application

[3] and [4].
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Fig. 2: Principle of the TOFD method, [4].

4. Experimental Set-Up

The configuration for realization of the experiments is
introduced to this section.

Real biomaterial fatigue and stress-corrosion cracks
are inspected using the ECA, TOFD and magnetic field
mapping methods, respectively. The used experimen-
tal biomaterial: austenitic stainless steel is inspected
in this study. The biomaterial according to the AISI
(The American Iron and Steel Institute) standard of
grade 316L is evaluated (L = low carbon content),
Fig. 8] Conductive plate specimen with thickness of
h = 10 mm having the electromagnetic parameters
of the stainless steel AISI316L is inspected. The ma-
terial at the initial state (before the initiating of the
cracks) had the conductivity of o = 1.4 MS-m~! and
the relative permeability of u, = 1. After the applied
mechanical deformation (loading process) its magnetic
properties changed. Thus, the magnetic field mapping
procedure could be applied.
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Fig. 3: Microscopy images of the inspected cracks: fatigue crack
(left) and stress-corrosion crack (right).

4.1. TOFD Inspection Configuration
The ultrasonic defectoscope OmniScan MX2 (Olym-
pus) is used for the whole measurements. The in-
strumentation for the TOFD technique consists of
these parts: handy scanner Olympus HST-X04, two
plexi-glass prisms ST1-60L-IHC (longitudinal ultra-
sonic wave waveguides), two ultrasonic transducers
C563-SM (Tx and Rx configuration), encoder Olym-
pus ENC1-2.5-DE (position measuring) and gel Nord-
Test US-A (coupling medium), Fig. Working fre-
quency of the probe f = 10 MHz. Encoder resolution

r = 12 points-mm ™.
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Fig. 4: Spatial configuration during the TOFD inspection.

4.2. ECA Inspection Configuration

The eddy current defectoscope Olympus MX with ECA
module is used for the measurements. The ECA probe
(SBBR-051-150-032, Olympus) is connected while the
harmonic current with the frequency of f = 150 kHz is
used for an excitation. The specimen is inspected from
the near-side.

4.3. Magnetic Field Mapping

Inspection

The commercial fluxgate sensor (by Canon Inc.) is
used to pick-up the response signal. This sensor is able
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to detect a weak magnetic fields, in the frequency range
starting from f = 0 Hz up to f = 3.4 kHz. The scans
are performed in axially symmetric direction above the
specimens, while the sensor is positioned normally to
the surface of the inspected specimen. Measured com-
ponent of the magnetic field in given direction (sensi-
tive axis) is converted to the output voltage signal: if
only ambient external magnetic field is detected, the
output signal is equal to approximately U,,: = 2.5 V.
Configuration of the sensor is shown in Fig. [5

1-axis

Fig. 5: Spatial configuration of the one-dimensional commercial
fluxgate sensor.

The measuring procedure was performed as fol-
lows: the fluxgate sensor was used as a Sensing De-
vice (SD), positioned above the material Specimen (S),
Fig. [f] For manipulation with the specimen under
inspection, we used a Stage Controller (SC) in con-
nection with a three-dimensional linear positioning de-
vice (XYZ). The sensed sensor output was acquired
by the Data Acquisition device (DAC) with resolution
of res = 16 bits-channel ™', f, = 150 kS-s~!, filtered
with the digital Lock-In amplifier (LI). Personal Com-
puter (PC) in connection with the LabVIEW virtual
instrumentation was used for data manipulation and
processing.

3

DAC = LI

PC

Synchro

Fig. 6: Configuration of the measuring procedure with the flux-
gate sensor.

5. Experimental Results

Results of the experimental measurements are pre-
sented in this section.

5.1. Inspection of the Fatigue Crack

Figure [7] displays the results obtained using the ECA
technique. Three regions of interest are displayed on
the defectoscopes screen: response signal in the Gaus-
sian plane (left corner), time-domain signal analysis
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(bottom) and C-scan image (right). Geometry of the
crack can be stated using the cursors (threshold lock-
ers) on the screen. As can be seen, measured crack
indication has length of ¢ = 15.6 mm. To extract
depth of the crack, the comparative analysis is used
and its value is d. = 5.05 mm. Based on these mea-
surements, it can be concluded, that the fatigue crack
was clearly identified and its geometry was described.
As can be seen from the Fig. [8] the crack indication
can be observed via TOFD technique and its geometry
can be revealed as follows: crack depth c¢p = 5.5 mm,
crack length of ¢, = 14.8 mm. Moreover, the real
shape of the crack in profile is also visible. However,
the lenght of the the crack cannot be measured very
precisely using this method.
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Fig. 8: Fatigue crack inspection using the TOFD technique.
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This lies in the fact that curved geometry of the crack
is present, as well as the lenght of the real crack is
longer than the artificial notch in the specimen.

Figure [0]shows results of the magnetic field mapping
procedure. The normal component (perpendicular to
the material§ surface) of the magnetic field was sensed
and displayed via the fluxgate sensor, while the area of
50 mm x 50 mm was scanned.
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Fig. 9: Intrinsic magnetic field: normal component, fatigue

crack.

The contour graph of the magnetic field strength
shows its non-homogeneous distribution of the speci-
men. The real crack borders are shown in the middle of
the picture. Further, from the three-dimensional rep-
resentation of this measurement, Fig. [I0] there can be
observed change in the direction of the field. This may
be interpreted as follows: after the cyclic loading of the
austenitic material, this reveals the intrinsic magnetic
field. This is caused due to its phase transition. The
fatigue crack is located within one of the two poles of
the field.
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Fig. 10: Fatigue crack: 3D intrinsic magnetic field visualiza-
tion.
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5.2. Inspection of the

Stress-Corrosion Crack

Figures [[1] and Fig. [I2] display results obtained us-
ing ECA and TOFD technique, respectively. As can
be seen, the crack indication can be observed and
its geometry can be revealed as follows: crack depth
¢p = 6.06 mm, crack length of ¢, = 20.8 mm (ECA
measurement).

Further, the crack dimensions can be described as
follows: depth of ¢p = 5.9 mm, crack length of
cr, = 19.7 mm (TOFD measurement). In comparison
with the FC’s results, the shape of this crack is strongly
affected by its internal structure.
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Fig. 11: Stress-corrosion crack inspection using the ECA tech-
nique.
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Fig. 12: Stress-corrosion crack inspection using the TOFD
technique.
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The magnetic field mapping results are displayed
in Fig. As can be seen, the presence of the
crack cannot be stated from these measurements.
Non-homogeneous character of the magnetic field was
sensed, however, its distribution has almost no corre-
lation with the crack presence and its position. It can
be added that applying static pressure to initiate this
crack has no such great effect on creating martensitic
domains, in comparison with the periodical loading to
produce the fatigue crack. Generally, partially con-
ductive cracks are more difficult to evaluate because of
their complex internal structure. To be able to reveal
their internal magnetic field in austenitic biomaterials,
it is necessary to use more sensitive type of the sensing
element (SQUID sensor).

Based on these results it can be concluded that the
stress-corrosion crack was identified and its dimensions
were in acceptable correlation, measured by the ECA
and TOFD methods.
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Fig. 13: Intrinsic magnetic field: normal component, SC crack.

6. Conclusion

The article presented a comparison among three ad-
vanced procedures of non-destructive evaluation of
austenitic biomaterials. The austenitic stainless steel
cracks were experimentally inspected using ECA,
TOFD and magnetic field mapping technique in this
paper. All of these methods represent powerful tools,
used in the field of non-destructive evaluation nowa-
days. According to the results it can be concluded
that these methods can identify such types of real
cracks. However, due to various physical principles and
their specific use, some limitations occurred. Specifi-
cally, information about the length of the fatigue crack
could not be measured very precisely, using the TOFD
method. This is caused by the presence of the specific
notch. Moreover, the real fatigue crack length is, in
comparison with the TOFD results, longer only about
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few tenths of a millimeter. On the other hand, it is
more important to reveal the depth of the inspected
cracks, non-destructively. This cracks parameter was
successfully measured as well. The only way to be the
real depths of the cracks stated is to realize measure-
ments destructively. The magnetic field mapping re-
sults also brought new useful information about the
inspected structure: distribution of the intrinsic field
within the specimen may help better understand physi-
cal principles which occur during the mechanical (plas-
tic) deformation. On the other hand, presence of the
fatigue crack was more dominant in comparison with
the stress-corrosion crack by these measurements.
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