wo 20197018925 A1 |00 00 OO

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

World Intellectual Propert <
0T rpmivation > 0 0 0 RO 0
International Bureau = (10) International Publication Number
(43) International Publication Date -—-/ WO 2019/018925 A1

31 January 2019 (31.01.2019) WIPOI|PCT

(51) International Patent Classification: HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
GOIR 33/16 (2006.01) GOIN 27/83 (2006.01) KR,KW,KZ, LA, LC,LK,LR,LS, LU, LY, MA, MD, ME,
G011 1/12 (2006.01) MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,

OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(21) International Application Number:
PCT/CA2018/050891
(22) International Filing Date: (84) Designated States (unless otherwise indicated, for every
24 July 2018 (24.07.2018) kind of regional protection available): ARIPO (BW, GH,
(25) Filing Language: English GM,KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,

(26) Publication Language: English TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
(30) Priority Data: EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
62/536,499 25 July 2017 (25.07.2017) Us MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,

TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,

(71) Applicant: TSAFARIDIS, Demetrius [CA/CA]; 5344 KM, ML, MR, NE, SN, TD, TG).

John Lucas Drive, Burlington, Ontario L7L 6A6 (CA).

(72) Inventor: HRISTOFOROU, Evangelos; Porou 31, 11256  Published:
Athens (GR). —  with international search report (Art. 21(3))

(74) Agent: RIDOUT & MAYBEE LLP et al.; 5500 North Ser-
vice Road, Suite 101, Burlington, Ontario L7L 6W6 (CA).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ,BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA,CH, CL,CN, CO,CR, CU, CZ, DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,

(54) Title: MULTI-LAYER THIN FILM STRESS SENSOR FOR NON-DESTRUCTIVE TESTING OF FERROMAGNETIC
MATERIALS

11

ravi
i
0
I 40
rava
150 -
2 5
p
j/ = U/
-
" Sarsor Elamar 150
. o
\ ,
“ﬂ-u‘ o0
FIG.1

(57) Abstract: A non-destructive testing technique and sensor are described for measuring surface magnetic permeability and surface
stress distribution in ferromagnetic materials. The sensor uses a thin film magnetoresistive sensing element that is either sandwiched
between two thin film current conductors and insulators or placed above or below one conductor. Changes in the magnetic permeability
of'the ferromagnetic material upon which the sensor is placed create an output voltage which is monotonically depending on the magnetic
permeability and also on the stress tensor of the ferromagnetic material. Appropriate calibration of the sensor may provide accurate stress
distribution measurements, which may be wirelessly transmitted. Surface scanning is also supported by an integrated position sensor.
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MULTI-LAYER THIN FILM STRESS SENSOR FOR NON-DESTRUCTIVE
TESTING OF FERROMAGNETIC MATERIALS

TECHNICAL FIELD
[0001] The present disclosure relates to non-destructive testing of ferromagnetic
materials and, in particular, using magnetic field sensors for measuring magnetic

permeability and residual stress without using coils or permanent magnets.

BACKGROUND

[0002] Steel and other ferromagnetic materials are used extensively in critical
electromechanical systems where the strength of the material and its behavior under stress
must be accurately known. Examples include aviation, railway, shipping, construction
and others. In these applications defects in the used materials must be detected and cured
so as to avoid unexpected and catastrophic failures. These failures may be caused where
stress is applied, fatigue altering their structural integrity, or magnetic fields and
temperature changes creating stress that may eventually lead to cracks and failures.
Modern industrial manufacturing and maintenance of such materials employ a variety of
techniques for identifying residual stresses and imperfections on the surface or in bulk of
ferromagnetic materials, most often steel. Among these techniques is the Strain gage
stress measuring technique. Strain gages typically consist of an insulating flexible
backing which supports a metallic foil pattern, which is attached to the object under test
by a suitable adhesive. As the object is deformed, the foil is also deformed, causing the
electrical resistance of the foil to change. These gages can be fixed at a given point and
are able to measure the stress component along their length at the point they are fixed.
However, strain gages are sensors that measure stress at individual points. They also
require preparation of the under-monitoring surface and are not suitable for scanning
surfaces.

[0003] Another stress measuring technique is the Drill-Hole technique. Drill-Hole is
based on drilling a small hole into the material under test. When the material containing
residual stress is removed, the remaining material reaches a new equilibrium state. The
new equilibrium state has associated deformations around the drilled hole. The
deformations are related to the residual stress in the volume of material that was removed

through drilling. The Drill-Hole technique measures deformations around the hole using
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strain gages or optical sensors. The original residual stress in the material is calculated
from the measured deformations. However, the Drill-hole technique is a point
measurement technique, which causes a destruction on the under test surface and is not
suitable for scanning surfaces.

[0004] Another commonly used technique for stress measurement is the Magnetic
Barkhausen Noise technique. The Magnetic Barkhausen Noise technique is based on the
noise in the magnetic output of a ferromagnet when the magnetizing force applied to the
ferromagnet is changed. The technique is based on the Barkhausen effect, which is a series
of sudden changes in the size and orientation of ferromagnetic domains, or microscopic
clusters of aligned atomic magnets (spins), that occur during a continuous process of
magnetization or demagnetization. A slow, smooth increase of a magnetic field applied
to a piece of ferromagnetic material, such as steel, causes the steel to become magnetized,
not continuously but in minute steps. The technique is very sensitive to sensor orientation
with respect to the surface under measurement. This sensitivity may cause large
uncertainties in industrial surface monitoring, although the technique is excellent in
laboratory use.

[0005] Another technique used in stress monitoring is stress measurement in the bulk and
the surface of ferromagnetic steels. This technique has low uncertainty and high speed of
measurement for the case of surface permeability and surface stress monitoring. Although
the technique is able to monitor residual stresses and plastic deformation, the technique
can monitor stress on an area of several cm?, which is not a sufficient resolution level for
many applications.

[0006] Another common stress measurement technique is the magnetostrictive delay line
technique, which uses surface permeability sensors. The technique offers a claimed speed
of measurement in the order of 1 point every 1 ms. However, despite claiming sensitive
measurements and low uncertainty with a high speed of measurement, the technique
requires air between the sensing element and its packaging to operate properly.

[0007] Allthese techniques refer to surface stress measurement, with the first two of them
being point stress tensor techniques and not stress tensor distribution techniques. The third
technique is a surface stress tensor distribution monitoring technique and is very sensitive
to the geometrical uncertainties of the sensor set-up. The fourth technique has a large
footprint and low response. The fifth technique has the best performance with a measuring

surface of some mm? and speed of stress distribution monitoring of 1 point per ms.
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[0008] There is, therefore, a need for a new sensor and a non-destructive technique to
determine the surface permeability tensor distribution and consequently the residual stress
tensor distribution on a ferromagnetic material surface. This technique and sensor should
provide high sensitivity, low uncertainty, high resolution, and suitability for surface
scanning. Furthermore, the sensor should be easy and cheap to manufacture, and simple

and fast to use in industrial environments.
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SUMMARY

[0009] A non-destructive testing technique and sensor are described for measuring
surface magnetic permeability and surface stress distribution in ferromagnetic materials.
In one approach, the sensor uses a thin film magnetoresistive sensing element that is either
sandwiched between two thin film current conductors and insulators or placed above or
below one conductor. Changes in the magnetic permeability of the ferromagnetic material
upon which the sensor is placed, create an output voltage which is monotonically
depending on the magnetic permeability and also on the stress tensor of the ferromagnetic
material. Appropriate calibration of the sensor can provide accurate stress distribution
measurements.

[0010] In alternate approaches, the sensor is made of either giant magnetoresistive or spin
valve sensing elements. Other examples include the integration of the sensor with control
and processing electronics manufactured in ASIC or other IC technology and enclosed in
a packaging suitable for protecting the sensor and for direct applicability on the
ferromagnetic surface under test.

[0011] Last, other implementations of the sensor may comprise a position sensor element,
preferably implemented with a photonic sensor, to help track the position of the sensor
on the surface under test and facilitate the surface scanning. Alternative implementations
of the sensor may also comprise a wireless communication electronic transceiver to
enable sensor stress tensor data to be wireless transmitted to a computer for visualization

and analysis.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0012] FIG.1 shows a schematic diagram of the components of a multi-layer thin film
sensor in accordance with an exemplary embodiment.
[0013] FIG.2 shows a schematic diagram of the sensor components of FIG.1 integrated
with electronics and positioning modules, and positioned on a material under
measurement.
[0014] FIG.3 shows electromagnetic lines causing a sensor element to produce an output.
[0015] FIG.4 shows a flow diagram of a technique using the sensor of FIG.2 for point
measurements on a ferromagnetic material.
[0016] FIG.5 shows a flow diagram of a technique using the sensor of FIG.2 for scanning
the surface of a ferromagnetic material.
[0017] FIG.6 shows a schematic diagram of a multi-layer thin film sensor for measuring
surface permeability tensors and surface stress tensors along several directions in a
ferromagnetic material.

[0018] FIG.7 shows a block diagram of the electronic modules of the sensor of FIG.2.
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DETAILED DESCRIPTION
[0019] The word “exemplary” is used herein to mean “serving as an example,
instance, or illustration”. Any example described herein as “exemplary” is not necessarily
to be construed as preferred or advantageous over other embodiments.
[0020] The acronym “ASIC” is intended to mean “Application Specific Integrated
Circuit”.
[0021] The acronym “CPU” is intended to mean “Central Processing Unit”.
[0022] The acronym “A/D” is intended to mean ““Analogue to Digital”.
[0023] The acronym “IC” is intended to mean “Integrated Circuit”.
[0024] The acronym “AMR” is intended to mean ““Anisotropic MagnetoResistance”.
[0025] The acronym “GMR” is intended to mean “Giant MagnetoResistive”.

[0026] As used herein and in the appended claims, the singular forms “a,” “and,” and
“the” include plural referents unless the context clearly dictates otherwise.
[0027] The term “WiFi” is intended to refer to wireless local area networking with

devices based on the IEEE 802.11 standard.

[0028] The term “ZigBee” is intended to refer to the IEEE 802.15.4-based
specification for a suite of high-level communication protocols used to create personal
area networks with small, low-power digital radios.

[0029] The term “computing device” may be used interchangeably with “computer”,
“computing system” and “mobile device” unless otherwise specified.

[0030] The term “test” may be used interchangeably with “measurement” unless
otherwise specified. Similarly, for all words having the same root with the previous two
terms.

[0031] Unless defined otherwise, all technical and scientific terms used herein have
the same meaning as commonly understood to one of ordinary skill in the art to which
this invention belongs (magnetism, electronics, measurement systems, and physics).
Although any techniques similar or equivalent to those described herein can be used in
the practice or testing of the invention, the preferred techniques are described.

[0032] The present invention treats the problem of accurate, fast, cheap, and with high
resolution non-destructive measurements of surface stress tensors in ferromagnetic steels,
in industrial and other harsh, non-laboratory environments. The invention is based on
measuring surface permeability tensors. The invention proposes a novel sensor and a

technique suitable for any type of ferromagnetic material (and especially ferromagnetic
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steels). The sensor is based on a thin film magnetic field sensing element sandwiched
between two thin film conductors, and separated from them with two insulating thin films.
The conductors’ surface is equal to each other’s and to that of the insulators and sensing
element and are parallel to each other, while merging at one side to form a single
conductor which is supplied with pulsed current as input. This input current propagates
to the two parallel conductors and creates two magnetic fields which are partially
absorbed by the ferromagnetic material under test, creating an output voltage at the
sensing element. Another implementation includes a thin film magnetic field sensing
element placed above or below a thin film conductor, separated from it with an insulating
thin film. The conductor’s surface is equal that of the insulator’s and sensing element’s
and are parallel to each other. The conductor is supplied with pulsed current as input,
which creates a magnetic field which is partially absorbed by the ferromagnetic material
under test, creating an output voltage at the sensing element. Accurate calibration of the
device enables this voltage measurement to be transformed into magnetic permeability
tensor measurements of the underlying ferromagnetic material under test and ultimately
to the stress tensors of the material. The stress tensors can in turn be used to analyze
residual stresses and imperfections created during the manufacturing process or use of the
ferromagnetic material under test. As a result, the measured stress tensors may also be
used to control conditioning or rejection of the material.

[0033] In another example, the invention presents a modification of the same sensor
to include an electronic circuit to control the operation of the sensor and process the output
of the sensing element. This electronic circuit is implemented in Application Specific
Integrated Circuit (ASIC) or other Integrated Circuit (IC) technology.

[0034] In yet another example, the invention presents a sensor that is integrated with
a wireless transceiver to wirelessly transmit sensory data to a computing device.

[0035] The invention may be implemented either as a technique, a software program
implementing the technique, or as an integrated sensor, a microprocessor, or a computer,
or a computational device. The description of the invention is presented, for simplicity,
in terms of the sensor and technique implementing the invention but it is assumed to
equally apply to the other forms of implementation previously mentioned.

[0036] FIG.1 shows a schematic diagram of the components of a multi-layer thin film
sensor in accordance with an exemplary embodiment. The sensor 100 comprises a thin

film magnetic film sensing element 105, which may be of any type. By means of example
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and without limiting the scope of the invention, sensing element 105 may be an
Anisotropic MagnetoResistance (AMR) sensor, a Giant MagnetoResistive (GMI) sensor,
a spin valve sensor, etc.

[0037] The sensing element 105 is coated with two insulating thin films 140, 150,
which are in turn coated with two thin film electrical conductors 110, 120, respectively.
These conductors 110, 120 have, as much as possible, identical dimensions and are bent
at one end to merge and form a single conductor 130, which single conductor 130 forms
the input of the sensor 100. A pulsed current applied to the input, i.e. at conductor 130,
will cause the sensor to produce an output voltage at the sensor output, i.e. at the sensing
element 105.

[0038] FIG.2 shows a schematic diagram of the sensor components of FIG.1 integrated
with electronics and positioning modules, and positioned on a material under
measurement. The sensor 200, comprises the thin film sensing element 205, the thin film
insulators 240, 250, and the thin film conductors 210, 220 merging into the input thin film
conductor 230. On top of conductor 210 is located an electronic circuit 260, which may
be implemented in Application Specific Integrated Circuit (ASIC) or other Integrated
Circuit (IC) technology. The electronic circuit 260 contains electronic modules for
driving and controlling the operation of the sensor, processing output voltage to produce
the magnetic permeability and stress measurements characterizing the ferromagnetic
material under test 280.

[0039] On the outer surface of conductor 220, a packaging 270 is attached. This
packaging 270 is selected to act as an interface for attaching the sensor to the material
under test 280. The function of the packaging is to keep a fixed separation of the sensor
from the material under test, so as not to bias the sensor measurements. The packaging
also functions as a protective shield for the sensor and for this reason the packaging may
be formed in such a way as to enclose the sensor from all sides as shown in the diagram
of FIG.2. In an alternative exemplary embodiment, the packaging 270 may comprise a
first material for the face that touches the material under test 280 and a second (or more)
materials for the other sides.

[0040] Applying an input current pulse at the conductor 230 will produce a current
and a voltage at the output, i.e. sensing element 205. The output of the thin film magnetic
field sensing element 205 is monotonically dependent on the surface permeability p and

the residual stresses o of the surface area of the ferromagnetic material under
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measurement 280, defined by the projection of the surface of the thin film magnetic field
sensing element 205.

[0041] In an alternative embodiment, the sensor 200 also contains a position sensor
element 290 for tracking the position of the sensor 200 when the sensor scans the surface
of the ferromagnetic material under test 280 by moving the sensor 200 across the surface
280. Data from the position sensor element 290 characterize the dependence of the stress
components on the different locations on the surface of the ferromagnetic steel under
measurement 280 and therefore, permeability and stress tensors can be derived.

[0042] FIG.3 shows electromagnetic lines causing a sensor element to produce an output.
The sensor 300, comprises two thin film wires 310, 320, merging at one side to thin film
conductor 330, and sandwiching two insulating thin films 340, 350, respectively, which
in turn sandwich a thin film magnetic field sensing element 305. Sensor 300 sits on a
packaging material 370 which is placed in direct or small lift-off contact with a
ferromagnetic material under test 380. The sensor may comprise additional elements as
shown in FIG.2.

[0043] When current is supplied to the thin film conductor 330, the current propagates to
thin film conductors 310, 320 and magnetic fields are formed around these two
conductors. Conductor 310 has a magnetic field H; formed around it, which is illustrated
with magnetic field lines 394, 396. These lines pass through the sensing element 305.
Since thin film conductor 320 is of, as much as possible, identical shape and dimensions
as thin film conductor 310, the same current flows to conductor 320 as in conductor 310,
which current creates a magnetic field H» of equal strength to Hi. However, due to the
proximity of conductor 320 to the ferromagnetic material 380, some of the magnetic lines
of field Hz get trapped in the material 380 and as a result a lower strength field H,’ reaches
the sensing element 305. Field H»’ is represented by magnetic field line 392. The resulting
magnetic field sensed by the sensing element 305 creates an output voltage which is
proportional to the magnetic permeability (and residual stress) of the underlying volume
of the ferromagnetic material under test 380.

[0044] FIG.4 shows a flow diagram of a technique using the sensor of FIG.2 for point
measurements on a ferromagnetic material. The technique starts with positioning 400 the
sensor 200 on the surface of the ferromagnetic material under test 280. The sensor is thus

positioned at direct contact with the material 280 ideally leaving no gap in between, at a
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point (x, y) and at a direction 6. This positioning may be done manually by its user, or
using a mechanical arm operating manually or automatically.

[0045] The technique then applies a pulsed current 410 (I,) at the input of the sensor,
i.e. at the conductor 230. Since conductor 230 is electrically connected with conductors
210, 220, and since the two conductors 210, 220 have the same dimensions to each other
(and therefore the same resistance since they are made of the same material), they receive
the same amount of pulsed currents I, Is where L+L=I;. Currents I, Iz create two
magnetic fields H; and H that are parallel to the surface of conductors 210, 220 and
consequently to the surface of the sensor element 205 which they penetrate.

[0046] The fields H; and H> from the conductors 210 and 220, respectively, are
proportional to the transmitted pulsed currents I} & I> to each one of them, and inversely
proportional to the distance di & d» between the pulsed current conductors 210 and 220

and the thin film magnetic field sensing element 205:

H, = all and H, =—a—= (Equation 1)
dq da

[IP2]

where “a” is a proportionality constant. Considering that the pulsed currents I; & I» are
equal to each other and the distances d; & d» are equal to each other, then the total field

H along the surface of the thin film magnetic field sensor 205 is:

H=H,+H,= aé+ (—a é) =0 (Equation 2)
[0047] Thus, the output of the thin film sensor element 205 equals to zero and
corresponds to its zero reference field.

[0048] When the sensor, and in particular its packaging 270 approaches the
ferromagnetic material under measurement 280, provided that the distance between the
packaging 270 and the ferromagnetic material 280 is small (in the order of a few pm) or
zero, the magnetic lines due to the field H; are partially trapped by the ferromagnetic
material under measurement 280, allowing only a part of the magnetic field H> to remain

in the volume of the thin film magnetic field sensor element 205:

H, = H, — HY (Equation 3)

where H é‘ is the magnetic field corresponding to the magnetic lines trapped by the surface
of the ferromagnetic material under measurement 280, which are dependent on the surface

permeability of the material 280.
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[0049] Instead, most of the magnetic lines due to the field H; remain in the area close
to the thin film magnetic field sensor element 205 according to Maxwell’s equations.
Therefore, an unbalance in the magnetic field within the volume of the thin film magnetic
field sensor element 205 is generated and H becomes:

H = —Hé‘ (Equation 4)

[0050] Therefore, the output of the thin film magnetic field sensor element 205 is
proportional to the surface permeability component of the ferromagnetic material under
measurement 280, parallel to the magnetic fields H; & Ho.

[0051] It is also known that the permeability component 1 of a ferromagnetic material
is proportional to the residual stress component ¢ in the area of its surface and the
corresponding direction or in a corresponding volume just below it:

o=bu or oy=bu, & o,=Dbyu, (Equation 5)

[0052] Therefore, the output of the thin film magnetic field sensor is proportional to
the stress component parallel to the magnetic fields Hi & Ha.

[0053] Change of orientation of the sensor or manufacturing of several sensors on the
same chip, in corresponding directions, offers the ability of monitoring the stress
components on the surface of the ferromagnetic material under measurement 280.

[0054] The thin film magnetic field sensor element 205 may be any of the existing,
industrially available thin film magnetic field sensors, namely Anisotropic
MagnetoResistance (AMR) sensors, Giant MagnetoResistive (GMR) sensors, spin valve
sensors, etc. The largest surface of these sensors, currently available in the market of
ASIC is below 100pum X 100um, while as narrow as 1pum X 1pm thin film magnetic field
sensor surfaces exist with similar or even better sensitivity and uncertainty. The spatial
resolution of the sensor equals the surface of the thin film magnetic field sensor element
205. Thus, spatial resolution may range from 100pm X 100pm down to 1pum X 1um.
[0055] The speed of each measurement of the sensor element 205 is less than 1us,
thus the speed of measurement per point on the material’s 280 surface is less than 1ps.
[0056] The sensitivity and uncertainty of the stress sensor 200 are dependent on the
sensitivity and uncertainty of the thin film magnetic field sensor element 205. Bearing in
mind that the worst sensitivity of the above mentioned thin film magnetic field sensor

elements 205 (AMR, GMR etc.) is 1 nT@Hz " improving as a function of the inverse
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square route of the frequency, the sensitivity of the sensor 200 in pulsed current operation
is far better than 1nT. This sensitivity corresponds to much less than IMPa of local stress.
[0057] The technique continues with measuring the output voltage 420 at the sensor
element 205 and processing 430 this voltage. The processing step 430 is optional and may
comprise filtering, conditioning, A/D conversion, storage in memory, etc.

[0058] Using calibration data stored in the memory of the sensor 200, the technique
derives surface permeability tensors and surface stress tensors 440. These tensors may be
derived, for example, by associating a voltage measurement with p and ¢ values by
looking at a lookup table stored in memory. This exemplary embodiment uses A/D
conversion of the output voltage prior to associating this voltage with the p and o values.
[0059] In a variation of the above exemplary embodiment, the association of the three
values may also use interpolation to calculate intermediate values to those contained in
the lookup table.

[0060] In an alternative exemplary embodiment, the technique may perform the
above steps in the analogue domain, i.e. no A/D conversion of the output voltage is used.
[0061] The technique ends by wirelessly transmitting the p and ¢ values to a receiving
computer 450. According to the chosen implementation of the current technique, as
presented by the various exemplary embodiments, step 450 may transmit either digital or
analogue data. In a variation of this exemplary embodiment, the sensor has no memory
and simply transmits output voltage measurements to a computer which has the lookup
table and performs the necessary calculations to produce the p and ¢ values.

[0062] In a variation of this exemplary embodiment, the technique may store p and ¢
data in the memory of the sensor 200, either volatile memory for facilitating data
processing and/or transmission (e.g. to cater for unsuccessful wireless transmission), or
non-volatile memory for long-term availability.

[0063] FIG.5 shows a flow diagram of a technique using the sensor of FIG.2 for
scanning the surface of a ferromagnetic material. The technique starts with positioning
500 the sensor 200 on the surface of the ferromagnetic material under test 280. The sensor
is thus positioned at direct contact with the material 280, ideally leaving no gap in
between, at a point (x, y) and at a direction 0.

[0064] The technique then applies a pulsed current 510 (I1) at the input of the sensor,
i.e. at the conductor 230. Since conductor 230 is electrically connected with conductors

210, 220, and since the two conductors 210, 220 have the same dimensions (and,
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therefore, the same resistance since they are made of the same material), they receive the
same amount of pulsed currents I, 3 where [,+1=I;. Currents I, Is create two magnetic
fields Hi and H» that are parallel to their surface and consequently to the surface of the
sensor element 205 which they penetrate.

[0065] The technique continues with measuring the output voltage 520 at the sensor
element 205 and processing 530 this voltage. The processing step 530 is optional and may
comprise filtering, conditioning, A/D conversion, storage in memory, etc.

[0066] Using calibration data stored in the memory of the sensor 200, the technique
derives surface permeability tensors and surface stress tensors 540. These tensors may be
derived, for example, by associating a voltage measurement with a p and ¢ values by
looking at a lookup table stored in memory. This exemplary embodiment uses A/D
conversion of the output voltage prior to associating this voltage with the p and o values.
[0067] In a variation of the above exemplary embodiment, the association of the three
values may also use interpolation to calculate intermediate values to those contained in
the lookup table.

[0068] In an alternative exemplary embodiment, the technique may perform the
above steps in the analogue domain, i.e. no A/D conversion of the output voltage is used.
[0069] The technique continues by wirelessly transmitting the p and ¢ values to a
receiving computer. According to the chosen implementation of the current technique, as
presented by the various exemplary embodiments, the technique may transmit either
digital or analogue data.

[0070] In a variation of this exemplary embodiment, the technique may store p and ¢
data in the memory of the sensor 200, either volatile memory for facilitating data
processing and/or transmission (e.g. to cater for unsuccessful wireless transmission), or
non-volatile memory for long-term availability.

[0071] The technique checks if the scanning of the ferromagnetic material surface
under test 280 continues with measurements at other points 560. If not, then the technique
ends, otherwise the sensor 200 is moved to a new position 570. The technique repeats
until no new points are left to measure and then ends. Data from the position sensor 290
are stored alongside each p and o values. The mechanism for moving the sensor over the
scanned surface is not part of the present invention. By means of example it may be
implemented by a human operator manually moving the sensor by hand, or by means of

a mechanical arm that it either manually or automatically operated.
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[0072] In a modification of this exemplary embodiment of the invention, the wireless
transmission of the scan data (i.e. the p, 6, and position values of the set of points where
measurements were performed to cover the selected area of the material 280; e.g. a lattice
of points) is performed in step 580 once for the entire set of data.

[0073] In a variation of this exemplary embodiment, the sensor has no memory and
simply transmits output voltage and position measurements to a computer which has the
lookup table and performs the necessary calculations to produce the p and ¢ values.
[0074] FIG.6 shows a schematic diagram of a multi-layer thin film sensor for
measuring surface permeability tensors and surface stress tensors along several directions
in a ferromagnetic material. This sensor 600 contains at least two sensors at an angle to
each other for measuring p and ¢ values at various orientations at each measurement
position on the surface of the ferromagnetic material under test 280. In this particular
example, three sensors 610, 620, 630 are used, each one being of the type of sensor 200.
Sensor 600 is enclosed in a packaging of the same type as the packaging used in sensor
200.

[0075] In an alternative embodiment, the ASIC or IC 260, and positioning sensor 290
contained in each sensor 610, 620, 630 are replaced by a single ASIC or IC, and
positioning sensor for the entire sensor 600 which control the operation of all three sensors
610, 620, 630. This exemplary implementation results in simpler design and
manufacturing of sensor 600, as well as, reduced cost. Alternative implementations of
sensor 600 may be manufactured, employing alternative arrangement of the three sensors
610, 620, 630 on the surface and volume of sensor 600.

[0076] In an alternative exemplary embodiment, the sensor may be manufactured to
contain an array of tightly packed sensors of the type of sensor 200 or sensor 600 so as to
perform several (equal to the number of packed sensors in the array) simultaneous
measurements and speed up surface scanning of the ferromagnetic materials under test.
[0077] FIG.7 shows a block diagram of the electronic modules of the sensor of FIG.2.
The sensor 700 is shown positioned on a ferromagnetic material under test 730. The
sensor 700 comprises a sensor element module 705 of the same type as sensor 200, and
an ASIC or IC 702.

[0078] The ASIC or IC 702 comprises a pulsed current generator 740 for supplying
current to the current conductor 230 which forms the input 710 of the sensor module 705.

The pulsed current generator 740 is controlled by the processor 750 (e.g. a
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microcontroller), which is in turn connected to a memory module 760. Memory 760 may
comprise a volatile memory, a non-volatile memory, or a combination of the two memory
types and this memory 760 may store computer instructions, data, measurements of |, ¢
and position from the sensor 705 and data from previous measurements, etc.

[0079] The output 720 of the sensor module 705 outputs a voltage which is fed to an
analogue filter 770 which outputs its signal to an A/D converter 780. The A/D converter
780 converts the (analogue) voltage signal to a digital representation and feeds the
digitized voltage to the processor 750.

[0080] In alternative exemplary embodiments, the analogue filter 770 may be omitted, or
replaced by a digital filter (not shown) placed between A/D converter 780 and processor
750, or implemented in software in the processor 750.

[0081] Having received the digitized representation of the voltage from the output of the
sensor module 720, the processor 750 may derive or calculate the p and ¢ values for the
point under measurement of the ferromagnetic material 730.

[0082] Using calibration data stored in memory 760, the processor 750 may derive
surface permeability tensors p and surface stress tensors ¢ by associating a voltage
measurement with a p and ¢ values by looking at a lookup table stored in memory 760.
[0083] In a variation of the above exemplary embodiment, p and ¢ values may be
calculated by interpolating intermediate values to those contained in the lookup table.
[0084] Once the processor has derived or calculated the p and o values for a point or
for the entire scan of the surface of the material 730, the processor may store them in
memory 760 (volatile and/or non-volatile) and then send them to the wireless transceiver
790 for transmission to a computer 795. For a surface scan, position data are also stored.
By means of example, the wireless data transmission may be done using one of the WiFi,
ZigBee, Bluetooth, cellular network, or a proprietary wireless technology.

[0085] The computer 795 may store the received data and analyze and visualize them
using a software program, allowing its user to visualize a mapping of the surface tensor
distribution for the selected point or scanned area of the ferromagnetic material 795. The
software program used in this visualization may be an in-house developed Application
Specific Software, a general-purpose visualization software, a combination of software
packages, a remote server or cloud-based software, and the like. The computer 795 may
be a general-purpose or application-specific computer, computing device, portable

device, server, computing system or the like.
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[0086] By means of example, the sensor in the present invention may measure 100um
X 100um or less, depending on the dimensions of the employed thin film sensing element.
These dimensions are also the resolution achieved by the sensor. As new sensing elements
become commercially available, significant improvements in size and resolution of the
proposed sensor can be achieved. The proposed sensor is suitable for integration with
ASIC and may operate both as an active device with integrated battery, as well as, a
passive device where power is captured from electromagnetic energy transmitted to the
sensor during measuring operation by an electronic reader or other device.

[0087] By means of example, the speed of measurement achieved by the proposed
sensor is less than one point measurement per ps, rendering the sensor and the associated
technique suitable for industrial applications and especially for scanning of ferromagnetic
surfaces. This scanning is facilitated by the readings of the integrated position sensor,
while the wireless data transmission speeds up the measurement processes and allows
using the sensor and the associated technique in continuous measurement operation.
[0088] The sensitivity and uncertainty of the stress sensor are dependent on the
sensitivity and uncertainty of the implemented thin film magnetic field sensor. Bearing in
mind that the worst sensitivity of the above mentioned thin film magnetic field sensors
(AMR, GMR etc.) is InT@Hz > improving as function of the inverse square route of the
frequency, the sensitivity of the sensor in pulsed operation is far better than 1nT. This
sensitivity corresponds to much less than 1MPa of local stress. These exemplary values
are by no means limiting the scope of the present sensor and associated technique.

[0089] The above exemplary embodiment descriptions are simplified and do not
include hardware and software elements that are used in the embodiments but are not part
of the current invention, are not needed for the understanding of the embodiments, and
are obvious to any user of ordinary skill in related art. Furthermore, variations of the
described technique, system architecture, and software architecture are possible, where,
for instance, technique steps, and hardware and software elements may be rearranged,
omitted, or new added.

[0090] Various embodiments of the invention are described above in the Detailed
Description. While these descriptions directly describe the above embodiments, it is
understood that those skilled in the art may conceive modifications and/or variations to
the specific embodiments shown and described herein. Any such modifications or

variations that fall within the purview of this description are intended to be included
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therein as well. Unless specifically noted, it is the intention of the inventor that the words
and phrases in the specification and claims be given the ordinary and accustomed
meanings to those of ordinary skill in the applicable art(s).

[0091] The foregoing description of a preferred embodiment and best mode of the
invention known to the applicant at this time of filing the application has been presented
and is intended for the purposes of illustration and description. It is not intended to be
exhaustive or limit the invention to the precise form disclosed and many modifications
and variations are possible in the light of the above teachings. The embodiment was
chosen and described in order to best explain the principles of the invention and its
practical application and to enable others skilled in the art to best utilize the invention in
various embodiments and with various modifications as are suited to the particular use
contemplated. Therefore, it is intended that the invention not be limited to the particular
embodiments disclosed for carrying out this invention, but that the invention will include
all embodiments falling within the scope of the appended claims.

[0092] Those of skill in the art would understand that signals may be represented
using any of a variety of different techniques. For example, data, software, instructions,
signals that may be referenced throughout the above description may be represented by
voltages, currents, electromagnetic waves, magnetic fields or particles, light or any
combination thereof.

[0093] Those of skill would further appreciate that the various illustrative radio
frequency or analog circuit blocks described in connection with the disclosure herein may
be implemented in a variety of different circuit topologies, on one or more integrated
circuits, separate from or in combination with logic circuits and systems while performing
the same functions described in the present disclosure.

[0094] Those of skill would also further appreciate that the various illustrative logical
blocks, modules, circuits, and algorithm steps described in connection with the disclosure
herein may be implemented as electronic hardware, computer software, or combinations
of both. To clearly illustrate this interchangeability of hardware and software, various
illustrative components, blocks, modules, circuits, and steps have been described above
generally in terms of their functionality. Whether such functionality is implemented as
hardware or software depends upon the particular application and design constraints
imposed on the overall system. Skilled artisans may implement the described

functionality in varying ways for each particular application, but such implementation
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decisions should not be interpreted as causing a departure from the scope of the present
disclosure.

[0095] The various illustrative logical blocks, modules, and circuits described in
connection with the disclosure herein may be implemented or performed with a general-
purpose processor, a digital signal processor (DSP), an application specific integrated
circuit (ASIC), a field programmable gate array (FPGA) or other programmable logic
device, discrete gate or transistor logic, discrete hardware components, or any
combination thereof designed to perform the functions described herein. A general-
purpose processor may be a microprocessor, but in the alternative, the processor may be
any conventional processor, controller, microcontroller, or state machine. A processor
may also be implemented as a combination of computing devices, e.g. a combination of
a DSP and a microprocessor, a plurality of microprocessors, one or more microprocessors
in conjunction with a DSP core, or any other such configuration.

[0096] In one or more exemplary embodiments, the functions described may be
implemented in hardware, software, firmware, or any combination thereof. If
implemented in software, the functions may be stored on or transmitted over as one or
more instructions or code on a computer readable medium. Computer-readable media
includes both computer storage media and communication media including any medium
that facilitates transfer of a computer program from one place to another. A storage media
may be any available media that can be accessed by a computer. By way of example, and
not limitation, such computer-readable media can comprise RAM, ROM, EEPROM, CD-
ROM or other optical disk storage, magnetic disk storage or other magnetic storage
devices, or any other medium that can be used to carry or store desired program code in
the form of instructions or data structures and that can be accessed by a computer or any
other device or apparatus operating as a computer. Also, any connection is properly
termed a computer-readable medium. For example, if the software is transmitted from a
website, server, or other remote source using a coaxial cable, fiber optic cable, twisted
pair, digital subscriber line (DSL), or wireless technologies such as infrared, radio, and
microwave, then the coaxial cable, fiber optic cable, twisted pair, DSL, or wireless
technologies such as infrared, radio, and microwave are included in the definition of
medium. Disk and disc, as used herein, includes compact disc (CD), laser disc, optical
disc, digital versatile disc (DVD), floppy disk and blu-ray disc where disks usually

reproduce data magnetically, while discs reproduce data optically with lasers.
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Combinations of the above should also be included within the scope of computer-readable
media.

[0097] An exemplary storage medium is coupled to the processor such that the
processor may read information from, and write information to, the storage medium. In
the alternative, the storage medium may be integral to the processor. The processor and
the storage medium may reside in an ASIC. The ASIC may reside in a user terminal. In
the alternative, the processor and the storage medium may reside as discrete components
in a user terminal.

[0098] The previous description of the disclosed exemplary embodiments is provided
to enable any person skilled in the art to make or use the present invention. Various
modifications to these exemplary embodiments will be readily apparent to those skilled
in the art, and the generic principles defined herein may be applied to other embodiments
without departing from the spirit or scope of the invention. Thus, the present invention is
not intended to be limited to the embodiments shown herein but is to be accorded the

widest scope consistent with the principles and novel features disclosed herein.
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CLAIMS

1. A sensor of the multi-layer thin film type for measuring surface permeability
tensors and surface stress tensors in ferromagnetic steels, comprising:

a thin film magnetic field sensing element;

a first and a second insulating thin films deposited on each side of the thin film
magnetic field sensing element, where the insulating thin films have substantially the
same dimensions with each other and with the magnetic field sensing element and are
substantially parallel to each other; and

a first and a second thin film current conductors each deposited on the distant to
the magnetic field sensing element side of the first and second insulating thin films,
respectively,

the thin film current conductors having substantially the same dimensions with
each other and with the insulating thin films and being substantially parallel to each other,
and being bent at one side so as to converge towards each other and form a third thin film
current conductor, the three thin film conductors being electrically connected to each

other.

2. The sensor of claim 1, further comprising:

an electronic circuit attached to the outer side of the first thin film current
conductor, and

external packaging attached to the outer side of the second thin film current
conductor, where the external packaging is configured to attach to the surface of a
ferromagnetic steel under measurement without leaving a gap between the external

packaging and the ferromagnetic steel.

3. The sensor of claim 2, where the electronic circuit comprises at least one of an
analogue to digital converter, signal filtering, pulsed current generator, position tracker,
wireless transceiver, processor, non-volatile memory, where the non-volatile memory
stores sensor calibration data and instructions, volatile memory, where the volatile

memory stores measurement data, and a battery.
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4, The sensor of claim 3, where the electronic circuit is configured in the form of an

Application-Specific-Integrated-Circuit (ASIC) or other integrated circuit.

5. The sensor of claim 3, where the position tracker module is of the form of a

position sensor.

6. The sensor of claim 3, where the wireless communication module comprises one

of: WiFi, ZigBee, Bluetooth, cellular network, or a proprietary wireless technology.

7. A method of measuring surface permeability tensors and surface stress tensors in
ferromagnetic steels, comprising:

positioning a multi-layer thin film sensor at a location on the surface of a
ferromagnetic steel;

applying a pulsed current to the input of the sensor;

measuring a voltage at the output of the sensor;

processing the measured voltage;

deriving and/or calculating surface permeability tensors and surface stress tensors
for the surface of the ferromagnetic material in contact with the sensor; and

wirelessly transmitting the derived and/or calculated data.

8. The method of claim 7, where the sensor is of the form of the sensor of claim 4.

9. The method of claim 8, further comprising moving the sensor to other locations
on the surface of the ferromagnetic steel under test and repeating the method until all the

surface has been scanned.

10. The method of claim 9, where the scanning is guided by the readings of the

position sensor.

11. A sensor of the multi-layer thin film type for measuring surface permeability
tensors and surface stress tensors in a multitude of directions in ferromagnetic steels,
comprising at least two sensors of the type of sensor of claim 2, where the sensors are

arranged coplanar and at an angle to each other.
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12. The sensor of claim 11, further comprising at least one of the following modules:

an analogue to digital converter;

signal filtering;

pulsed current generator;

position tracker;

wireless transceiver;

processor;

non-volatile memory, where the non-volatile memory stores sensor calibration
data and instructions;

volatile memory, where the volatile memory stores measurement data; and

a battery.

13. A non-transitory computer program product that causes a sensor of the multi-layer
thin film type to measure surface permeability tensors and surface stress tensors in
ferromagnetic steels, the non-transitory computer program product having instructions to:

apply pulsed current to the input of the sensor;

measure a voltage at the output of the sensor;

process the measured voltage;

derive and/or calculate surface permeability tensors and surface stress tensors for
the surface of the ferromagnetic material in contact with the sensor; and

wirelessly transmit the derived and/or calculated data.

14.  The non-transitory computer program product of claim 13, where the sensor is of

the form of the sensor of claim 4.

15. The non-transitory computer program product of claim 14, further comprising

scanning the surface of the ferromagnetic steel.

16.  The non-transitory computer program product of claim 13, where the sensor is of

the form of the sensor of claim 12.
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17. A sensor of the multi-layer thin film type for measuring surface permeability
tensors and surface stress tensors in a multitude of positions on ferromagnetic steels,

comprising an array or sensors of the type of sensor of ¢laim 2.

18. A sensor of the multi-layer thin film type for measuring surface permeability
tensors and surface stress tensors in a multitude of directions and positions on
ferromagnetic steels, comprising an array of sensors of the type of sensor of claim 11,

where the sensors are arranged coplanar and at an angle to each other.

19. A thin-film sensor for non-destructive testing of ferromagnetic materials without
using coils or magnets, the sensor comprising:

means for creating electromagnetic fields in the vicinity of a ferromagnetic
material under test, where such fields are both positioned at the same side of the
ferromagnetic material;

means for measuring the different absorption of magnetic lines of each of the
magnetic fields by the ferromagnetic material; and

means for calculating stress using the different absorption of magnetic lines of

each of the magnetic fields by the ferromagnetic material.

20. A method for non-destructive testing of ferromagnetic materials without using
coils or magnets, the method comprising:

means for creating electromagnetic fields in the vicinity of a ferromagnetic
material under test, where such fields are both positioned at the same side of the
ferromagnetic material;

means for measuring the different absorption of magnetic lines of each of the
magnetic fields by the ferromagnetic material; and

means for calculating stress using the different absorption of magnetic lines of

each of the magnetic fields by the ferromagnetic material.
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