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Autonomous tracking of structural changes in coated components yields information on materials health and
remaining lifetime; but until now, electrical resistance tracking required undesired physical connections
between coating and readout. Here, the proof of concept for contactless tracking of phase transformations in
autonomous self-reporting Cr—Al-B coatings is demonstrated. Contactless monitored electrical resistance
changes of glassy Crg34Alg31Bo 35 coatings reveal crystallization, phase formation, and grain growth of CrzAlB,4
and Cr,AlB,. The hitherto untapped potential of contactless measured electrical resistance data for assessing
materials health by tracking structural change is revealed by in situ high-resolution scanning transmission elec-
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tron microscopy and selected area electron diffraction as well as ex situ X-ray diffraction, and elastic-recoil
detection analysis. Continuous or periodic contactless tracking of material health data will enable more
efficient and more sustainable materials service by utilizing the individual remaining component lifetime rather
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Introduction

Extending the service life of components aligns materials
design efforts with the United Nations Sustainable
Development Goal 12, titled “responsible consumption and pro-
duction”.! Often, materials lifetime assessments are based on
statistical data in combination with safety factors.>* Depending
on the width of the statistical distribution and the magnitude
of the safety factor, components are taken out of service long
before their actual end of life. Clearly, tracking health data of
coating materials during application would enable a more sus-
tainable material consumption as the individual component
lifetime is significantly increased. Thus, employing self-report-
ing materials, where the unmodified material acts as a sensor,

“Materials Chemistry, RWTH Aachen University, Aachen, Germany.

E-mail: poellmann@mch.rwth-aachen.de, lellig@mch.rwth-aachen.de

bEmpa, Swiss Federal Laboratories for Materials Science and Technology, Laboratory
for Mechanics of Materials and Nanostructures, Thun, Switzerland

‘Department of Physics and Astronomy, Uppsala University, Uppsala, Sweden
“plansee Composite Materials GmbH, Lechbruck am See, Germany

“Ecole Polytechnique Fédérale de Lausanne (EPFL), 1015 Lausanne, Switzerland
IMax-Planck-Institute for sustainable materials GmbH, Department Structure and
Nano-/Micromechanics of Materials, Group Self-Reporting Materials, Diisseldorf,
Germany

T Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4nr03822c¢

{These authors contributed equally to the publication.

6854 | Nanoscale, 2025, 17, 6854-6862

than the much shorter lifetime assessment emanating from safety factor-based design approaches.

possessing a material property that has a causal relationship
with structural and/or chemical changes,” might yield signifi-
cant benefits for reaching the UN’s goal.

Steps in this direction have been taken by tracking changes
in  color,”®  photoluminescence,”®™®  or electrical
resistance’**® as response to mechanical loading, resulting in
strain generation in polymers,>*'° composites,”** liquid crys-
tals,® and ceramics,"" crack formation in polymers®’ as well as
composites,**® and scratches in metals."?

Also, polymers containing a second sensing phase have been
designed to report electrical degradation by color changes."
Chemical changes have been tracked by observing color,** 2>
photoluminescence,” or electrical resistance® variations in dual-
phase polymers,* polymer-metal composites,” >* and in ceramic
materials.*

A phase separation due to heat exposure has been reported
by changes in the fluorescence of polymer blends.>* Moreover,
phase changes from amorphous to a crystalline disordered solid
and a subsequent phase transition to an ordered structure have
been tracked by contact-based electrical resistance measure-
ments during vacuum annealing of Cr,AIC protective coatings.>”
It was shown that phase transitions could be related to distinct
modulations of the temperature-dependent, in situ measured
electrical resistance. Hence, Cr,AlC serves as protective coating
and at the same time as sensor for phase transitions.

From the literature review above, it is evident that self-
reporting materials can convey information pertaining to

This journal is © The Royal Society of Chemistry 2025
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mechanical loading, structural changes as well as electrical
and chemical degradation.

Recently, proof of concept for tracking materials health
data at temperatures >500 °C in harsh environments has been
demonstrated via resistivity measurements utilizing physical
contacts attached to the monitored material surface.”® This
methodology is, however, extremely challenging to be utilized
in real life applications with fast-moving components operat-
ing in harsh environments. We therefore propose a simple
contactless method for gauging the materials health status of
Cro34Alg.31Bo.35 coatings (Fig. 1), without the need for a sec-
ondary sensor phase, revealing phase transitions due to high-
temperature exposure by modulations in electrical resistance.
We verify contactless-obtained data by comparison to well-
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established contact-based resistance measurements as well as
in situ and ex situ structural and chemical analyses. Hence, we
demonstrate the proof of concept for contactless tracking of
materials health-relevant data, namely multiple phase tran-
sitions occurring between room temperature and 800 °C.

Principle of contactless phase transition detection

Annealing of amorphous Cr, 34Al, 31By 35 coatings (Fig. 1a) trig-
gers two amorphous to crystalline phase transitions: between
400 and 500 °C, the formation of the Cr,AlB, MAB phase, a
member of the nanolaminated transition metal borides,
whereby M corresponds to an early transition metal, A for an
A-group element and B for Boron, is inferred, see Fig. 1b and
ESI S7-9, and between 500-600 °C, the formation of the

Cr,AlB, Cr,AlB, + Cr,AIB, + Cr,AIB, +
+ Cr;AlB, + Cr;AIB, + Cr;AlB, +
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Fig. 1 Schematic illustration of crystal structure and grain size after annealing (a—e). Contact-based and contactless measured, normalized resis-
tance versus annealing temperature (f) showing a crystal structure and grain size dependent resistivity decrease with increasing annealing tempera-
ture. Resistance data are normalized with respect to their initial value before annealing.
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Cr;AIB, MAB phase is detected, see Fig. 1c. These observations
are consistent with contact-based and contactless normalized
resistance measurements, calorimetry, and spatially resolved
structure analysis, which are in very good agreement.
Accelerated growth of Cr,AlB, and Cr;AlB, from the amor-
phous precursor phase is observed between 600 and 700 °C
(Fig. 1d). Between 700 and 800 °C, the complete transform-
ation of the amorphous phase into crystalline Cr,AlB, and
Cr;AIB, MAB phases as well as into liquid Al is inferred, see
Fig. 1e. Hence, we show proof of concept for remote tracking
of complex combinations between phase transitions and grain
growth by contact-based resistance measurements as well as
by contactless resistance measurements, which are in excellent
agreement with the former (Fig. 1f). We envision that contact-
less tracking of materials health data in harsh environments
and on complex-shaped components will extend the service
life thereof and hence enable more sustainable materials
consumption.

Referencing with contact-based resistance and calorimetry

To demonstrate the proof of concept for contactless tracking of
temperature-dependent materials health data, calorimetric
data, indicating three phase transitions, is compared to the
normalized ex situ measured contactless resistance and the
normalized in situ measured contact-based resistance, see
Fig. 2g. The maximum deviation between contact-based and
contactless measured resistance data is 4% and hence, they
exhibit very good agreement (Fig. 1f and ESI S17). Therefore,
we refer to both, contactless and contact-based measured resis-
tance values simply as resistance. Resistance measurements
between room temperature and 400 °C reveal a negative
thermal coefficient of resistance (TCR), characteristic for glassy
structures.>®>” Subsequently, at ~450 °C, the temperature
dependent resistance signal exhibits a pronounced change in
slope, as revealed by the non-linear behavior of the first deriva-
tive of the measured resistance with temperature (dR/dT vs. T).
Over the whole, here investigated temperature range, three well
defined peaks in dR/dT vs. T can be seen. Interestingly, the
onset and peak temperatures in dR/dT vs. T show, with
maximum deviations of 7 and 18 °C, excellent agreement with
the corresponding temperatures as obtained from calorimetry,
see Fig. 2g. The significance of this observation for tracking
materials health data with resistivity measurements is high-
lighted by the corresponding structural analysis data from
high-resolution scanning transmission electron microscopy
(HRSTEM, ex situ Fig. 2a—f, in situ Fig. 4), selected area electron
diffraction (SAED, Fig. 3 and ESI S3f) and X-ray diffraction
(XRD, ESI S4t). The average chemical composition of the films
was not significantly altered by the annealing as is evident
from elastic recoil detection analysis (ERDA, ESI S2t). The
slight offset measured between the calorimetric data and the
temperature-dependent resistance data can be rationalized by
differences in sample nature and experimental protocol: for
the resistance measurement a thin film on a substrate was
heated in vacuum, while the calorimetry measurements were
conducted on powder samples in an Argon atmosphere.
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View Article Online

Nanoscale

While up to 400 °C, no evidence for phase transformations
can be inferred from HRSTEM and in situ SAED measurements
(Fig. 3b, d and ESI S3+), the onset of a first transformation is
identified by a change in the in situ SAED peak shape at 450 °C
between 1.5 and 3 A, see Fig. 3d and ESI S5.1 A decrease in
diffracted intensity at d < 2.25 A in combination with an inten-
sity increase at d > 2.25 A, signaling a shift towards peak posi-
tions indicating formation of crystalline phases. This interpret-
ation is consistent with the temperature dependent crystalliza-
tion depicted in the diffractograms shown in ESI S3.7
Moreover, evidence for nucleation of a crystalline phase can be
seen in the HRSTEM image of the sample annealed to 500 °C,
see Fig. 2b. A more detailed analysis of phase formation,
based on XRD and SAED, given in the ESI infers the formation
of Cr,AlB, at these temperatures (ESI S6-8t). These character-
istic manifestations of an amorphous - crystalline phase tran-
sition coincide with both, the onset of the first peak identified
in the dR/dT signal as well as the onset of the first enthalpic
peak in the calorimetric data, see orange colored region in
Fig. 2g at 451 and 458 °C, respectively. Hence, changes in dR/
dT vs. T indicate the onset of phase transitions. Moreover, as
the peak position of dR/dT vs. T at 518 °C aligns with the first
peak of the DSC signal at 515 °C, it is evident that dR/dT vs. T
tracks the amorphous to crystalline phase transition in
Cry.34Alp.31Bo.35 coatings.

A second transformation is indicated by the blue colored
region in Fig. 2g displaying calorimetric data with onset and
peak temperatures of 548 °C and 572 °C, respectively. The
HRSTEM micrograph in Fig. 2c shows a crystallite containing
Cr;AlB, and Cr,AlB, domains, consistent with the in situ SAED
data displayed in Fig. 3d at 600 °C. These observations also
concur with in situ HRSTEM data, as displayed in Fig. 4d, as
well as with ex situ XRD data as shown in ESI S4.F The for-
mation of CrzAlB, at these temperatures is further inferred
from the more detailed phase formation analysis given in ESI
S6-8. The above discussed onset and peak temperatures
obtained by calorimetry, indicating the 2™ transition, coincide
with the onset and peak temperatures in drR/dT vs. T at 551 °C
and 590 °C, respectively. Hence, dR/dT vs. T was demonstrated
to track both phase transformations discussed so far.

A third transformation is indicated in the red colored
region in Fig. 2g, displaying DSC data with onset and peak
temperatures of 660 °C and 696 °C, respectively. From the
comparison of in situ HRSTEM micrographs, Fig. 4, taken
during annealing at 600 °C (Fig. 4d), 700 °C (Fig. 4e), and
750 °C (Fig. 4f), it is evident that the observed peak in DSC
data corresponds to accelerated grain growth occurring in this
temperature regime, as has been shown before for nano-
composite TiB,N, and TiB,C, coatings®>*’ as well as nanocrys-
talline Cu powders.*® Furthermore, the video recorded at
750 °C (ESI S971) supports this interpretation, showing atomic
scale, layer-by-layer growth of a crystal containing intergrown
structures of both Cr,AlB, and Cr;AlB, MAB phases, similar to
what has been observed for (Mo,Cr),AlB,*' and MoAIB MAB
phases.’”* Hence, based on in situ HRSTEM investigations, it
is inferred that accelerated grain growth is causing the exother-

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Ex situ HRSTEM images with overlays of ideal structures (blue atoms corresponding to Cr, green atoms to Al, and red atoms to B) and
colored areas where Cr,AlB, (green) and CrzAlB, (purple) are identified (a—e). A higher magnification image of the region marked in blue borders in
(e) is shown in (f). In situ contact-based measured resistance normalized with respect to its initial room temperature value (black curve, top) and the
derivative dR/dT versus temperature (blue curve, top) along with contactless measured resistance (magenta diamonds) measured at room tempera-
ture and multiplied with the thermal coefficient of resistance determined for the respective sample and calorimetric measurement (green curve,
bottom) (g). Peaks in the calorimetric data as well as in dR/dT versus T were colored as a guide for the eye.
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Fig. 3 In situ SAED patterns (a—c and e—g) and the corresponding integrated intensity plotted with respect to temperature (d). Peak positions of

Cr,AlB, and CrzAlB, are indicated. A first transformation is visible at 450 °C (see ESI S5) with subsequent emergence of peaks corresponding to

Cr,AlB; and CrzAlB,.

mal reaction captured in the corresponding calorimetric data
set. Further supporting evidence for the above observed accel-
erated grain growth of both Cr;AlB, and Cr,AlB, is obtained by
comparing the HRSTEM micrographs obtained after annealing
to 600 °C, see Fig. 2c, to the 700 °C anneal shown in Fig. 2d.
Also, the SAED data displayed in Fig. 3d and the XRD data
shown in ESI S4f are exhibiting significant peak intensity

6858 | Nanoscale, 2025, 17, 6854-6862

increases and concomitant decreases in full-width at half
maximum for Cr;AlB, and Cr,AlB, diffraction signals and are
therefore consistent with the grain coarsening notion. This
accelerated reaction can be rationalized based on melting of
excess Al, present since the overall chemical composition con-
tains 33 at% Al while the 212 and the 314 phase only contain
20 at% and 12.5 at%, respectively. In Fig. S10,1 the DSC

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 HRSTEM micrographs taken during in situ annealing at indicated temperatures (a—f). The amorphous as deposited structure becomes partly
crystalline after 500 °C, whereby MAB phase formation is observed, with a significant increase in crystal domain size after 700 °C.

heating curves for repeated heating cycles of one sample are
shown. In the first three heating cycles depicted by the blue
(1°¢ cycle), green (2™ cycle) and yellow (3™ cycle), exothermic
signals indicate the crystalline amorphous transition as dis-
cussed above, consistent with the DSC data presented in
Fig. 2. The DSC data of the 4™ heating cycle (red curve) indi-
cates that the amorphous to crystalline transition was com-
pleted during the first 3 heating cycles as an endothermic
peak at ~640 °C, which coincides with the melting point
reported for Al (659 °C),*’is visible. The small endothermic
peak is concealed by the exothermic signal associated with the
amorphous to crystalline transition tracked in a single heating
run as it takes place simultaneously, see Fig. 2. This notion is
supported by the peaks corresponding to elemental Al visible
in the XRD after cooling (ESI S47). After the third transform-
ation, the previously decreasing trend of resistance is reversed
since grain growth and phase formation have been completed
leading to a now positive TCR as expected for MAB
phases.**®

As for both above discussed phase transitions, the agree-
ment for the third transition, marked in red in Fig. 2g,
between dR/dT vs. T and the DSC data sets regarding onset
and peak position temperatures is, with a maximum deviation
of 5 °C, very good.

This journal is © The Royal Society of Chemistry 2025

Hence, we have demonstrated that three different phase
transformations can be tracked by in situ contact-based resis-
tance measurements. Furthermore, ex situ contactless electri-
cal resistance measurements mirror the trend displayed by the
contact-based measurement: The agreement between both
methods, displayed in Fig. 1f, is excellent as the differences
are <4% for the entire here investigated temperature range.
Thus, by relating periodic contactless measurements to the
preceding structural analysis, the current state of the material
can be inferred. Therefore, the proof of concept for contactless
materials health tracking has been demonstrated. Other poten-
tial candidates for application include, for example, TiAIN thin
films, that show different recovery processes, phase transitions
and spinodal decomposition as observed by DSC measure-
ments.* Especially the technologically-relevant decomposition
would be of interest due to the large difference in the electrical
resistivities of the binary nitrides TiN and AIN, which is also
expressed in a close to exponential increase in the resistivity of
TIAIN upon Al addition for an Al content between 7.9 and 51.5
at%.*° As the electrical resistance of materials is generally
affected by changes in the environment, materials health data
tracking can be envisioned for a wide range of applications in
harsh environments, where physical and/or chemical changes
are triggered by mechanical, thermal, or chemical stressors.

Nanoscale, 2025, 17, 6854-6862 | 6859
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While the contact-based measurement required four physi-
cal contact wires attached to the sample surface and measure-
ment times of about 30 seconds per data point, the contactless
measurement time is around 1 second. Considering that it is a
mechanical and electrical engineering exercise to integrate
contactless resistance measurement technology into complex
shaped coated components, the dynamic assessment of dr/dT
vs. T at high speeds in harsh environments appears feasible
from a fundamental science perspective. We envision that
materials health monitoring by contactless electrical resistance
measurements enables a more sustainable materials usage as
the individual remaining component lifetime is assessed and
can replace component operation relying on safety factor-
based design.

Conclusions

In summary, amorphous Crg34Aly31Bo35 coatings were
annealed in vacuum and three phase transformations were
identified. It was shown that these phase changes can be
tracked with in situ contact-based as well as ex situ contactless
resistance data via comparison to XRD, DSC, ERDA as well as
ex situ and in situ HRSTEM and SAED data measured in the
corresponding temperature ranges. The contactless resistance
data are, with deviations <4%, in excellent agreement with
contact-based resistance data. Therefore, it is demonstrated
that contactless resistance data are useful for assessing
materials health by tracking structural changes in
Cro.34Alp.31By 35 coatings. Contactless resistance tracking can in
principle be integrated into coated components operating at
high speeds in harsh environments and is thereby expected to
enable a more sustainable usage, as the individual remaining
component lifetime is tracked, replacing component operation
based on designs utilizing safety factors.

Methods
Synthesis of Cr-Al-B thin films

Amorphous Cr-Al-B thin films were synthesized by direct
current magnetron sputtering (DCMS) without intentional
heating in a high vacuum deposition system with a base
pressure below 9 x 1077 mbar. A 2" ternary 1:1:1 Cr:Al:B
target (Plansee Composite Materials GmbH, Lechbruck am
See, Germany) was run at a constant power of 120 W facing the
floating single crystalline 10 x 10 cm Al,O; (0001) substrate at
a distance of 10 cm. An argon pressure of 0.3 Pa and a depo-
sition time of 60 min led to films with a thickness of ~0.8 pm.

Electrical resistance measurements

Contact-based electrical resistance was measured using the
Van-der-Pauw method.*"** The in situ measurement setup uti-
lized here was identical to previous experiments and is
described in more detail elsewhere.**® The heating and
cooling rate was kept constant at 10 K min~' while the

6860 | Nanoscale, 2025, 17, 6854-6862
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pressure in the vacuum furnace was below 5 x 10~ mbar. To
determine significant changes in R vs. T, the first derivative of
the resistance was computed with respect to T (dR/dT). The
onset and peak temperatures of dR/dT vs. T were fitted by
using a bi-Gaussian function.*® The thermal coefficient of re-
sistance (TCR) was extracted from the linear slope of the
cooling curves.

Contactless resistance was determined using Eddy-current
measurements carried out ex situ for samples annealed to the
indicated temperatures in an EddyCus TF lab 2020SR
(SURAGUS GmbH, Dresden, Germany) performing self-referen-
cing before every measurement session. For each sample, two
measurements were averaged to obtain the sheet resistance Rg,
which was then used to calculate the resistivity (p) by multiply-
ing it with the film thickness (d) according to p = Rs-d. The
highest determined variation for repeated measurements of
one sample was <0.6%.

X-ray diffraction

Phase formation was studied by Bragg-Brentano X-ray diffrac-
tion (XRD) in a Panalytical Empyrean MRD diffractometer
(Malvern Panalytical, Almelo, The Netherlands) equipped with
a Cu Ko source and operated at a current of 40 mA and a
voltage of 40 kV. Scans were recorded with a - 5° omega offset
scan with a step size of 0.026° and a measurement time of 100
s per step. Powder diffraction files (PDF) of Cr,AlB, (01-084-
8899), Cr;AlB, (01-084-8900), and Al (04-0787) were used for
phase identification.

Crystallization kinetics

Crystallization kinetics were studied by differential scanning
calorimetry (DSC) in a Jupiter® STA 449 C (Netzsch GmbH,
Selb, Germany) with a continuous heating mode (heating rate
10 K min™") in Ar atmosphere (purity 99.9999%). Low oxygen
content (<1 ppm) in the atmosphere was ensured by the inte-
grated oxygen trap system (OTS®). Temperature and sensitivity
were calibrated by melting high purity standards (>99.9%) (Zn,
Sn, Al, Ag, Au, Pd) and the onset temperatures of the reactions
were extracted using the tangent method."* As a guide for the
eye, the exothermal peaks were schematically colored in the
graphical representation. The powder for the experiments was
generated by deposition of a film on a NaCl substrate and sub-
sequent dissolution thereof.**

Compositional analysis

The chemical composition depth profile of the films was quan-
tified by time-of-flight elastic recoil detection analysis
(ToF-ERDA) at the Tandem Accelerator Laboratory of Uppsala
University*® using a 36 MeV "’I*" primary beam. The angle
between the primary beam and the detector telescope was 45°,
while the incidence and exit angles of the primary ions and
detected recoils with respect to the film surface were 22.5°.
Energy discrimination was done by using a gas detector
system”” and the time-of-flight was determined with thin
carbon foils.*® Depth profiles were obtained from time-energy
coincidence spectra using CONTES.*® The films were found to

This journal is © The Royal Society of Chemistry 2025
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be homogeneous and average concentrations were calculated
from the depth profiles, while the oxygen-rich surface-near
region was excluded. For B, a maximum total uncertainty of
5% of the determined values is assumed, and aliquot fractions
thereof for the metals Cr and Al.

High-resolution analysis

Thin lamellae (<100 nm) for high-resolution scanning trans-
mission electron microscopy (HRSTEM) investigations were
prepared by focused ion beam (FIB) techniques in a Helios 5
Hydra UX dual-beam microscope (Thermo Fisher Scientific,
Waltham, USA). Xe' ions were employed at 30 kV for the stan-
dard lift-out procedure onto an omniprobe lift-out grid.
Thinning of the lamellae was carried out with Ga" ions in a
Helios Nanolab 600 dual-beam system (Thermo Fisher
Scientific, Waltham, USA). These lamellae were subsequently
analyzed in a Titan Themis 200 G3 equipped with a SuperX
EDX detector (Thermo Fisher Scientific, Waltham, USA) at an
acceleration voltage of 200 kV.

For in situ HRSTEM as well as selected area electron diffrac-
tion (SAED) heating experiments, Wildfire nano-chips (DENS
Solutions, Delft, The Netherlands) were coated with <50 nm of
the Cr-Al-B in equivalent conditions to all other films. For the
SAED experiments, a constant heating rate of 10 K min~" was
applied, while for the HRSTEM imaging, the annealing was
interrupted by quenching at specific temperatures to further
investigate critical events. The integrated SAED patterns were
post-processed for the 3-dimensional graph by partly subtract-
ing an as deposited spectrum as well as the background to
showcase the changes induced by annealing. Furthermore, the
spectra were corrected for the thermal expansion during the
measurement. For phase identification, PDF of Cr,AlB, (01-
084-8899) and Cr;AlB, (01-084-8900) were used.
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