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Abstract—The surface acoustic waves (SAW) delay sensitivity
to different types of deformation was calculated for different
orientations of langasite (LGS) substrate. Besides LGS properties
recent experimental data from several sources related to high-
temperature SAW sensors are discussed that also show useful
properties of other materials. Notably catangasite (CTGS) is a
promising candidate for replacing LGS. The applicability of
devices based on lithium niobate (LN) was obtained up to 600°C
paving the way to wide-bandwidth devices. For mounting the
deformation sensors onto DUT testing of different high-
temperature adhesives was carried out. Another way to high-
temperature deformation sensor development makes use of
piezoelectric thin film directly deposited on a metallic object
whose deformation is measured. Successful testing of ZnO/metal-
based devices is appealing, because the direct deposition of
piezoelectric layer on metal can allow to directly measure the
strain of the monitored object and thus to eliminate the hysteresis
and unreliable strain transfer in a wide range of temperatures.
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L INTRODUCTION

Deformation measurement including measurement at
elevated temperatures is important for airspace, structural
health monitoring, power engineering. SAW sensors are
especially interesting as sensitive elements of passive
(batteryless) sensors that can be remotely (wirelessly)
interrogated by electromagnetic waves. Particular properties
of SAW devices allow them to work in extremely harsh
environment including high temperature up to several hundred
degrees Celsius. Applications of high-temperature SAW
sensors are well-known [1]. The measurements of mechanical
values based on measurements of strain at normal condition
are also well-known [2]. The measurements of mechanical
values at elevated temperatures by SAW sensors were recently
discussed [3]. At high temperatures technical problems with
measurements of mechanical values become more
complicated. The choice of electrode materials, the choice of
piezoelectric single crystal substrates and of sensor to object
bonding technique or the choice of thin film piezoelectric
layer [4] are significant for solving of these problems.

The investigation was carried out within the framework of the project
"Wireless passive fast-varying deformation sensors" with the support of a
grant from NRU "MPEI" for implementation of scientific research programs
"Energy", "Electronics, Radio Engineering and IT" , and "Industry 4.0,
Technologies for Industry and Robotics in 2020-2022".

978-1-6654-3935-0/21/$31.00 ©2021 IEEE

P.W. Mengue, O. Elmazria

Institut Jean Lamour UMR 7198
Université de Lorraine - CNRS
Nancy, France
omar.elmazria@univ-lorraine. fr

Sensitivity to selected mechanical impacts was studied for
a restricted variety of LGS orientations [5 — 8]. Here the
sensitivity to deformation was calculated for SAW with lowest
velocity for all possible orientations of LGS substrate. The
sensitivities to all independent components of arbitrary
deformation in substrate plane were calculated. The SAW
devices on different substrates with different electrode
materials that were tested at elevated temperatures [9 — 15] are
compared. Different methods of single crystal sensor bonding
to the object subjected to strain were tested. Single crystal
SAW sensors are compared with those based on ZnO thin

films directly deposited on a metallic object whose
deformation is measured.

II. BRIEF REVIEW OF PIEZOELECTRIC SUBSTRATE
MATERIALS

LGS (La3GasSiOy4) is the most studied material among
SAW device substrates for high temperature application.
Many recent publications report stable operation of LGS-
based devices at high temperature: 384 hours at 600°C [9];
300 hours at 843°C [10]; 160 hours at 1050°C and 130 hours
at 1100°C [11]; 1140°C was reached in [12]. Different results
are caused by different electrode structures that are currently
intensively investigated especially on LGS substrates. CTGS
(CasTaGasSi,014) is a promising candidate for replacing LGS
because it has an ordered structure resulting in better
properties at elevated temperatures [13]. LN (LiNbOs) is
interesting because of the high electromechanical coupling.
Stoichiometric LN (SLN) is preferable for high temperature
application in comparison to congruent LN [14], SLN-based
SAW device was successfully tested up to 600°C [15]. A
variety of other materials exists and it is described in recent
detailed reviews [16, 17].

III.  SINGLE CRYSTAL STRAIN SENSOR MOUNTING

The choice of appropriative adhesive is significant for
strain measuring. Even at 100°C adhesive properties can result
in hysteresis, creep and strain transfer reduction [18, 19].
Sensor mounting becomes a more complicated task with
working temperature increase. Organic adhesives will fail with
every next requirement to further increase the temperature. In
order to move in this direction inorganic materials are
necessary. Tests of several such materials were reported:



“Al,05 ceramic high temperature epoxy” up to 120 pe at 400°C
(up to 200 pe at 24°C) [20]; “inorganic adhesive
(OMEGABOND 500)” up to 700 pe at 250°C [21]. Also,
metallic materials (in particular NanoFoil [22]) or glass-like
materials (such as borosilicate glass [23] and glass frit [24])
can be used.

Our initial experiments on sensor mounting were carried
out with dielectric paste (DP) and conductive paste (CP) used
in outdated hybrid integrated circuits manufacturing. CP allows
to create a thin robust layer with good adhesion by heating up
to 550 - 600°C, thicker layer after annealing has a porous
structure and does not achieve a sufficient strength after such
moderate heating. DP forms a ceramic-like layer independently
on its thickness, but it is not robust after moderate heating too.
Heating to higher temperature (about 900°C) increases the
layer strength in most cases, but it is appropriate only to
sensors withstanding such heating, besides the problem of
thermal expansion mismatch becomes more serious.

IV. CALCULATION METHOD

Following the approach described in [25] the influence of
the static deformation on small-amplitude elastic wave is taken
into account by the transformation of initial elastic constants C
into perturbed elastic constants 4 by
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where U, S, and T are static displacement, strain, and stress
respectively. We carried out the calculation by a modified
freeware software VCAL [26]. LGS second order material
constants from [27] were used for this calculation. The third
order LGS elastic constants [28] are available for room
temperature only, so the calculation results can be used only
for the initial choice of substrate orientation intended for high
temperature application.

Using perturbed elastic constants depending on S in
equation of motion and boundary conditions we can calculate
SAW velocity V depending on S. Note that (1) is compatible
with equations of motion and boundary conditions referred to
initial coordinate system. It means that V is related to the initial
length but not to the perturbed length, thus the SAW time-
delay 7 sensitivity to strain
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and the length change does not need to be additionally
accounted for. Correspondingly the SAW resonator frequency
[+ sensitivity to strain (without taking into account the influence
of electrode structure)
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V. CALCULATION RESULTS

In order to comply with LGS symmetry the calculation in
the following range of Euler angles is sufficient: first angle ¢
from 0 to 30° second angle 6 from 0 to 180° third angle v
from 0 to 180°. Calculation results are illustrated in contour

maps for SAW time-delay sensitivity which are shown in Fig.
1 — 5. Each figure contains a pair of maps corresponding to the
values of the first Euler angle 0 and 30°.

Fig. 1 — 3 show the sensitivity to three basic independent
in-plane strain components. Fig. 4, 5 show the sensitivity to
other main in-plane deformations. One can determine the
sensitivity of t or f to arbitrary mechanical impact producing
strain predominantly in substrate plane by data from these
figures after calculation of three independent basic strain
components which accompany this mechanical impact.
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Fig. 1. Dependence of SAW time-delay sensitivity to uniaxial tensile-
compressive deformation along the SAW propagation direction (S = Sk, S, =
Sy =Sy = 0, a visual explanation is on the left of the figure) on LGS substrate
orientation.

y (s =0 w0 ¢=30° v()
ppmvpe 1 180

®1-2

01

o
0 30 60 90 120150180

0
X 6(°) 0 30 60 90120150180

Fig. 2. Dependence of SAW time-delay sensitivity to uniaxial tensile-
compressive deformation along the electrodes (S = S, S = Sy =S =0, a
visual explanation is on the left of the figure) on LGS substrate orientation.
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Fig. 3. Dependence of SAW time-delay sensitivity to shear deformation
along the SAW propagation direction and/or along the electrodes (S = S,, =
Six, So = Sy = 0, a visual explanation is on the left of the figure) on LGS
substrate orientation.
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Fig. 4. Dependence of SAW time-delay sensitivity to all-round in-plane
tensile-compressive deformation (S = S = S, Sy = S = 0, a visual
explanation is on the left of the figure) on LGS substrate orientation.
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Fig. 5. Dependence of SAW time-delay sensitivity to tensile-compressive
deformation along the SAW propagation direction with compressive-tensile
deformation along the electrodes (S = Si = -S,y, Sy = Sx = 0, a visual
explanation is on the left of the figure) on LGS substrate orientation.

The maps indicate regions with LGS substrate orientations
that provide the greatest values of deformation sensitivity (at
least at room temperature). These regions are marked by
cherry, blue, and violet (Fig. 3 and 5). Substrate orientations
with sensitivity values closer to local extrema are summarized
in Table I together with values of electromechanical coupling
factor K? and power flow angle (PFA).

TABLE L CHARACTERISTICS OF SAW FOR SELECTED SUBSTRATE
ORIENTATIONS

Substrate SAW time-delay sensitivity K* | PFA
orientation (ppm/pe) to strain S =...

(Euler angles) | S« Syy Sex Sxy Sx

Syy Syx -Syy
30°, 90°, 60° 15 | -2 -05 |3 35

0.007 16°

30°, 70°, 105° 1.7 | -05 | 12 34 | 22 | 0.07 11°

30°, 30°, 35° 0.5 1.3 1.8 09 | -0.9 | 0.016 23°
0,50°,0 -04 | -14 |-18 |0 09 | 0.16 0
0, 120°, 90° 1.6 | 0.1 1.8 0 1.5 | 0.004 0
0, 140°,0 -02 | 1.9 1.7 0 -2.1 | 0.004 0
0, 80°, 65° 1.6 | -1.5 1005 | -1.2 | 3.1 0.03 15°
0, 90°, 80° 08 | -1 -02 | 24 | 1.8 | 0.02 7°
0, 140°, 15° 05 | 09 1.4 2.1 -0.4 | 0.08 5°

VI. SENSORS BASED ON PIEZOELECTRIC THIN FILMS

Another way to mounting the strain sensor is the direct
deposition of piezoelectric thin film (AIN and ZnO are the
most used materials for this purpose) over the object subjected
to deformation. Such objects are metallic in most examples of
practical applications. Test of AIN/TC4-alloy-based SAW
device up to 400 ue at 400°C was reported [29], while AIN
itself has been shown to withstand 1050°C [30]. The
characteristics of such sensors strongly depend on the material
of the monitored object, thus, experiments with different useful
metals and alloys are very important. A test of ZnO/Titanium-
based SAW device [4] temperature behavior is presented here
(Fig. 6, 7). The Q-factor of this SAW resonator is about 413,
the relative difference of antiresonance and resonance
frequencies is about 0.48% and the factor of merit is about 2.
Fig. 7 shows that the resonator retains workability up to 400°C.
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Fig. 6. The frequency dependence of the admittance absolute value of the
ZnO/Ti SAW resonator.
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Fig. 7. The temperature dependence of the resonance frequency of the
ZnO/Ti SAW resonator.

VII. DISCUSSION

The shear deformations allow to achieve larger sensitivity
to strain than tensile-compressive deformations. The largest
sensitivity does not accompany reasonable values of K? and
PFA, consequently, the search of trade-off between sensitivity
to strain and other relevant parameters is necessary. An
example of orientation with compromise properties is the
orientation with Euler angles (0, 50°, 0).

Advantages of single crystal sensors are: a more developed
SAW device fabrication technique, a possibility of sensor
bonding to locations that do not allow thin film deposition, and
preserving of main characteristics independently on material of



the monitored object. Their disadvantage is the necessity of an
adhesive that restricts reliable strain transfer especially with
increasing of the working temperature. Overcoming of this
problem is the advantage of piezoelectric thin film sensors.

VIII. CONCLUSIONS

Single crystal sensors have some advantages but present
difficulties with their bonding to object that restrict their
application, thus, further investigation of sensor bonding
methods is required. LGS orientation with maximal sensitivity
to in-plane strain are determined, this data can be useful for
sensor designers. Successful testing of piezoelectric thin
film/metal-based devices is appealing, because the direct
deposition of piezoelectric layer on metal can allow to directly
measure the strain of the monitored object and to eliminate the
hysteresis and unreliable strain transfer in a wide temperature
range. Both approaches are interesting for further development
and application.
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