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Poly (ionic liquid)/TiO, composite particles were fabricated using a facile one-pot
synthesis method, in which the polymerization of the ionic liquid monomer and
hydrolysis of the precursor for TiO, proceeded in one system. The morphological
properties of the composite particles were observed by a scanning electron
microscope and transmission electron microscope. The chemical and physical
structures of the particles were analyzed by a Fourier infrared spectrometer and an
X-ray diffractometer, respectively. It was found that in the composite particles, poly
(ionic liquid) (PIL) spheres are embedded in the continuous TiO, phase, forming larger
nonspherical particles of ~10 microns. The rheological properties of PIL and the PIL/
TiO, composite particles dispersed in silicone oil were measured by a rotational
rheometer with a high-power supply. At the same electric field, the PIL/TiO, particles
showed higher shear stress and elastic modulus than pure PIL particles at the same
electric field. In addition, compared with pure PIL particles, the PIL/TiO, particles work
at higher temperatures, up to 100°C.

Keywords: electrorheological fluid, poly (ionic liquid), TiO», composite, one-pot fabrication

INTRODUCTION

Electrorheological (ER) fluids (Halsey, 1992) are a kind of intelligent suspension comprising
electrically polarizable particles of nano-to-micron size and insulating oil. The particles in the
suspension can construct chain structures from a disordered dispersion state in milliseconds
under the stimulation of an electric field, which increases the viscosity of the system
enormously and makes the ER fluids perform like solids. This liquid-to-solid transition is
fast, reversible, and controllable. These characteristics of ER fluids show broad application
potential in various mechanical devices with flexible controllability, such as damping shock
absorbers (Bitman et al., 2004; Sun et al., 2020), clutches (Kikuchi et al., 2020), ultra-precision
processing machines (Zhao et al., 2021), lubrication systems (Delgado-Canto et al., 2020;
Agrawal and Shama, 2021), and tactile displays (Liu et al., 2005; Chen et al., 2020).
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Related studies have found that the intelligent characteristics
of ER fluids, such as yield stress, zero-field viscosity, and response
time, are mainly attributed to the dispersion and interaction of
electro-polarized particles in the fluid under the action of an
electric field (Hao et al., 1997; Liang et al., 2020). The dispersed
particles of ER fluids, also known as ER materials, can be divided
into inorganics, organics, and organic-inorganic composites. In
terms of inorganic ER materials, most research has been carried
out on titanjium dioxide (TiO,) and perovskite nanomaterials
(Zhao and Yin, 2002; Wu et al., 2016; Sun et al., 2021). By means
of doping, the design of special morphologies and modification by
polar molecules, titanium oxide hybrid inorganics display giant
ER effects with high yield stress up to 100 kPa (Wen et al., 2003;
Qiu et al., 2019). Other 2D and 3D inorganic materials such as
graphene, MoS,, and Mxenes have also been applied as ER
materials; however, expected outstanding ER effects have not
been revealed in these materials (Zhang and Choi, 2014; Lee et al.,
2016; Zhang et al., 2019). In the research of inorganic ER
materials, distinct defects were discovered, which included
poor dispersion stability and abrasion to devices. By contrast,
organic ER materials can overcome the defects of inorganics
attributed to their soft structure and low density. Conductive
polymers (Plachy et al., 2015; Lu et al., 2018), biopolymers (Liu
et al., 2018; Kovaleva et al., 2022), and polyelectrolytes (Schwarz
et al., 2013) are the most concerned candidates as organic ER
materials. Although organic ER materials can overcome some
shortcomings of inorganic materials, they have no major
breakthrough in yield stress, and their thermal stability is not
as good as that of inorganic materials. Therefore, inorganic/
organic hybrid materials combining the advantages of
inorganics and organics have attracted considerable attention
in recent research on ER materials (Jang et al., 2019; Wen et al,,
2019).

It is worth noting that a special organic, ionic liquid (IL) has
been introduced to prepare ER materials (Marins, et al., 2013;
Zhao et al., 2020). It is a kind of organic salt comprising anions
and cations with mismatched sizes and remains liquid at room
temperature (Martyn and Kenneth, 2020). Most IL molecules
have the advantages of high conductivity, excellent thermal
stability, low vapor pressure, and diverse structures that can be
designed (Armand et al., 2009; Gao et al., 2017). In contrast to
their application in electrolytes, the ions of IL molecules as ER
materials are not allowed to move freely to prevent the
appearance of short circuits in electric fields. Therefore, poly
(ionic liquid) (PIL) (Dong et al., 2014; Zhang, et al., 2017) and IL-
modified inorganics (Zhang et al., 2021) are fabricated to reduce
the conductivity and maintain most of the original properties of
the IL at the same time. PIL-based ER materials have been
intensively studied by Yin et al. It was found that the ER
effect of PIL was closely related to the chemical structures of
cations and anions and the molecular weight of the PIL (Zhao
et al., 2019; He et al., 2021; Liu et al., 2019b). The ER effect of the
PIL can be adjusted flexibly by varying the chemical structures of
the PIL. Unfortunately, pure PIL with a low glass transition
temperature limits the operating temperature of ER fluids (Liu
et al., 2019a). Designing composite structures with inorganics is
an effective way to improve the stability of PIL-based ER
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materials at higher temperature. However, most procedures for
preparing composite particles are relatively complicated (Lei
et al., 2018; Zhao et al., 2018). A facile fabrication method for
PIL-based composite materials is necessary to study their
electroresponsive ~ properties and  wide  application
characteristics further.

In this study, we fabricated PIL/TiO, composite particles using
a one-pot synthesis method. The composite particles combined
the high dielectric TiO, with the soft, versatile PIL. In the one-pot
method, the polymerization of the IL monomer and the sol-gel
process of TiO, occurred in one system. The two kinds of
chemical interactions influenced each other in the synthesis
process such that the morphologies of the PIL/TiO, particles
are very different from those of spherical PIL particles. The
structures and ER properties of the PIL/TiO, particles were
analyzed and compared with those of pure PIL particles.
Rheological analysis indicated that the PIL/TiO, composite
particles showed enhanced ER effect and excellent ER stability
at higher temperature up to 100°C.

MATERIALS AND METHODS

Materials

Titanium isopropoxide (TTIP) (97%, MACKLIN), 1-vinyl-3-
butylimidazolium tetrafluoroborate ([VBIm][BF4]) (99%,
Lanzhou Greenchem ILs), polyvinyl pyrrolidone (PVP)
(K90, AR, Sigma-Aldrich), and ethanol (AR, Tianjin
Kaitong Chemical Reagent Co. Ltd.) were used without
additional purification. 2,2'-azobis (2-methylpropionitrile)
(AIBN)  (99%, J&K Scientific) was purified by
recrystallization in methanol before use. Dimethyl silicone
oil (50 cSt, 0.96 g/ml, Sigma-Aldrich) was dried in vacuum at
120°C for 2 h before being mixed with particles.

Fabrication of PIL Particles
The pure PIL (P[VBIm][BF,]) particles were prepared
according to a reference method (Zhang et al., 2017). The
monomer [VBIm][BF,] (3g) was dispersed in 50ml of
ethanol and was mechanically stirred at 200 rpm for 10 min.
Then, PVP (0.22g) and AIBN (0.08 g) were added to the
abovementioned solution. Argon was introduced while
mechanically stirring. After 30 min, the mixture was heated
in an oil bath at 75°C with mechanical stirring for 12 h. The
product was washed with ethanol and water three times and
then collected by freeze-drying for 48 h. The composition of the
obtained product was determined by "H-NMR spectroscopy
(Figure 1). It was found that the three peaks at 7.28 (dd, 1H,
CH,CHN), 595 (dd, 2H, CH,CHN), and 5.43 (dd, 2H,
CH,CHN) corresponding to the vinyl group in the monomer
disappeared, indicating that the monomer was successfully
polymerized.

[VBIm][BE,], "H NMR (400 MHz, DMSO-ds, 8H, ppm): 9.44
(s, 1H, NCHN), 8.17 (s, 1H, NCHCHN), 7.91 (s, 1H, NCHCHN),
7.28 (dd, 1H, CH,CHN), 5.95 (dd, 2H, CH,CHN), 5.43 (dd, 2H,
CH,CHN), 4.20 (t, 2H, NCH,CH,), 1.81 (m, 2H, NCH,CH,),
1.30(h, 2H, NCH,CH,CH,), 0.92 (t, 3H, CH,CH,).

Frontiers in Materials | www.frontiersin.org

April 2022 | Volume 9 | Article 878682


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Zhang et al.

Electrorheology of Poly (lonic Liquid)/TiOx

PIL/TiO,

SCHEME 1 | Fabrication process of the PIL/TIO, composite.
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FIGURE 1 | "H-NMR spectra of IL monomer ([VBIm][BF4]) (A) and PIL (P[VBIm][BF4)) (B).
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P[VBIm](BF,], 'H NMR (400 MHz, DMSO-d, 8H, ppm):
8.65 (s, 1H, NCHN), 7.65 (s, 1H, NCHCHN), 7.49 (s, 1H,
NCHCHN), 3.95 (m, 2H, NCH,CH,), 1.71 (s, 2H, NCH,CH,),
1.33 (m, 2H, NCH,CH,CH,), 0.94 (d, 3H, CH,CH;)

One-Pot Fabrication of PIL/TiO, Composite

Particles

TTIP (3.85 g) and [VBIm][BF,] (3 g) were dispersed in 50 ml of
ethanol, which was mechanically stirred at 200 rpm for 10 min.
Then, PVP (0.22¢g) and AIBN (0.08g) were added to the
abovementioned solution and mechanically stirred for 20 min.
Then, deionized water (2.43 g) was added. Under the protection

of argon, the mixture was stirred and heated in an oil bath at 75°C
for 12 h. The product was washed with ethanol and water three
times and then collected by freeze-drying for 48 h. A schematic
process for fabrication of PIL/TiO, composite particles is shown
in Scheme 1.

Characterization

The morphologies of the particles were observed by scanning
electron microscopy (SEM) (S4800, Hitachi, Japan) and
transmission electron microscopy (TEM) (JEOL 2010; Japan).
An energy-dispersive spectroscopy (EDS)-equipped TEM was
applied to analyze the elements of the samples. A Fourier infrared
spectrometer (FT-IR) (E55 + FRA106, Bruker, Germany) was
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applied to determine the chemical structures of the particles. The
synthesis of PIL was also confirmed by a 'H nuclear magnetic
resonance spectrometer (*H-NMR), (AVANCE-III500, Bruker,
Germany). Thermogravimetric analysis (TGA) (STA4993,
Netzsch, Germany) was used to study the thermal stability of
the samples. Thermal properties of the samples were also
examined by diffraction scanning calorimetry (DSC) (2500,
TA, United States). An X-ray diffractometer (XRD) (MAX-
2500PC, Rigaku, Japan) was applied to analyze the crystal
structures of the particles. The density of the fabricated
particles was measured by a pycnometer (Micrometrics,
AccuPycl345).

Rheological Measurement

ER fluids (15 vol%) were prepared by dispersing the fabricated
PIL and PIL/TiO, particles (density for each is 1.37 and 2.08 g/
cm?®) in silicone oil. In order to disperse the particles well
in silicone oil, mechanical shaking and ultrasonic treatment
applied before rheological measurement. Then, a
rotational rheometer (MCR 502, Anton Paar, Austria) was
used to measure the rheological properties of the ER fluids. A
parallel plate of (PP25/E/Ti) geometry was selected, between
which the ER fluid with a thickness of 1 mm was loaded and
an electric field was applied. Then, steady and dynamic
measurement modes were conducted on the ER fluid to
investigate its rheological properties. In the steady-state test,
the shear rate was increased from 0.01 to 500 s~". In addition,
in order to explore the electric field responsiveness of the ER fluid,
the shear stress curve of the ER fluid was tested under a square-
pulsed electric field at a fixed shear rate of 0.1s™'. In the
amplitude sweep tests, the angular frequency was fixed at
10rad/s in the strain range of 0.001-100%. In the angular
frequency sweeps, a fixed strain of 0.003% was applied in the
angular frequency range of 1-100 rad/s. For each test, electric
field strength was set at a fixed value in the range of 0-4 kV/mm.

were

RESULTS AND DISCUSSION

Morphologies and Structures

The SEM and TEM images of PIL (P[VBIm][BF,]) and PIL/TiO,
composite particles are shown in Figure 2. In Figure 2A, the PIL
particles mainly comprise spherical particles with a broad size
distribution ranging from 2.0 to 5.5 pum. Nonspherical particles
were also formed, which might be related to the solubility of P
[VBIm][BE,] in ethanol. In Figure 2B, the PIL/TiO, composite
particles are agglomerates formed by a continuous phase with
embedded particles of submicron to micron size. The spheres can
be seen clearly in the inset of Figure 2B, which has a smaller size
than the PIL spheres in Figure 2A. Figure 2C is the TEM image of
PIL particles. Both spherical and nonspherical particles are
observed. Similar morphologies are shown in Figure 2D, the
TEM images of PIL/TiO, composite particles. The spheres in the
composite particles are much smaller than those in the PIL
particles shown in Figure 2C. In order to further confirm the
components of the PIL/TiO, particles, back electron diffraction
and elemental analysis were carried out. As shown in Table 1, it is

Electrorheology of Poly (lonic Liquid)/TiOx

found that the elements in PIL are C, N, and F, which are the
composition of IL. For the PIL/TiO, composite, two areas were
analyzed. The edge of the nonspherical part (area 1) shows much
higher fractions of Ti and O than those shown by the edge of the
spherical part (area 2). It means the main chemical of the
continuous phase is TiO,, and the dispersed spheres are PILs.
In this mixed reaction system, the hydrolysis of TTIP started
immediately when ethanol and water were added. While the
polymerization occurred only when the decomposition
temperature of the initiator (AIBN) was reached, which means
the polymerization started later than hydrolysis. The solution of
TiO, hindered the growth of PIL such that PIL spheres in the
composite are much smaller than pure PIL particles. As the
condensation of TiO, continues, PIL particles become
embedded in the TiO, phase.

Figure 3A shows the FT-IR spectra of the IL monomer
([VBIm][BE4]), PIL (P[VBIm][BF,]), and PIL/TiO,. For
[VBIm][BE,], the stretching vibrations of C-H and C-N of the
imidazole ring are located at 3155, 1574, and 1176 cm ™', and the
stretching vibration of C-H of the vinyl group is located at
3016 cm™'. The FT-IR spectra of the three substances all show
a broad peak near 1055 cm™, which is related to the anionic
tetrafluoroborate. By comparison, it is found that the
characteristic peak of C-H in the vinyl group at 3016 cm™’
disappeared in the spectrum of P (VBIm)(BF,). It indicates
that the ionic monomers have been polymerized successfully.
In the spectrum of PIL/TiO,, both the characteristic peaks of PIL
and TiO, (800-500 cm™) can be observed, which confirms the
successful synthesis and combination of PIL and TiO,.

The thermal stability of the IL monomer, pure PIL, and PIL/
TiO, composite particles was explored by TGA tests, and the
results are shown in Figure 3B. By comparing the TGA curves of
the samples, it is found that the IL monomer and PIL show
similar weight loss along with the increase in temperature which
means the PIL retains the original thermal stability of the IL very
well. The main thermal decomposition zone for both is in the
temperature range of 350-450°C. The PIL/TiO, composite
particles have two weight loss stages in the measured
temperature range. The first weight loss occurs between 100
and 200°C, which is caused by the loss of the hydroxyl groups
and bound water on the surface of TiO, in the composite. The
second stage of weight loss is caused by the thermal
decomposition of PIL in the range of 350-450°C. Finally, the
residual mass of PIL/TiO, is 32.79%, which is mostly attributed to
TiO,. Therefore, the mass ratio of PIL to TiO, in the composite is
about 2:1. Figure 3C shows the XRD patterns of PIL and PIL/
TiO,. A broad peak in the same range of 15-30° is observed for
the two samples, confirming the amorphous nature of PIL and
PIL/TiO,. In Figure 3D, the glass transition temperature (T,) of
the pure PIL and the PIL in the composite is 116 and 170°C,
respectively, indicating that the T, of PIL is improved by the
combination with TiO,.

Electro Responsive Properties

The electroresponsive properties of the pure PIL and the PIL/
TiO, composite particles in silicone oil were first observed by an
optical microscope. Figure 4 shows the optical micrographs of
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image of PIL/TIO, particles at a higher magnification.

FIGURE 2 | SEM images of PIL (A), PIL/TIO, (B), and TEM of PIL (C) and PIL/TiO, with the electron diffraction pattern of selected parts (D). Inset (B) is the SEM

TABLE 1 | Atomic fraction of the samples determined by EDS analysis.

Sample Atomic fraction (%)
C N o F Ti
PIL 62.70 6.15 0.00 31.15 0.00
PIL/TiO 1 51.71 0.00 13.14 23.58 11.57
2 63.93 8.80 0.00 25.21 2.06

the fluids of PIL (Figure 4A) and PIL/TiO, (Figure 4B) taken
without and with the action of an electric field. Without the effect
of an electric field, both kinds of particles dispersed randomly,
which quickly agglomerated to form thick chain structures
between the electrodes after applying an electric field. That is
because the particles were polarized by the electric field and then
agglomerated with particles nearby driven by the electrostatic
force. The chains formed by the PIL/TiO, particles are much
denser than those formed by the pure PIL particles, which are
related to the morphologies and chemical compositions of the
particles.

Figure 5 shows the flow curves of PIL and PIL/TiO, ER fluids
(15 vol%) at various electric fields. Before the application of an
electric field, the two ER fluids both exhibit similar Newtonian
fluid characteristics. By contrast, when the electric field strength is
increased from 0.5 to 4.0kV/mm, both fluids exhibit yield
stresses, which are needed to make the ER fluids flow under
various electric fields. This is due to the fact that has been

observed in Figure 4: the dispersed particles form dense chain
structures between the electrodes. In the entire shear rate range,
the two ER fluids both exhibit stable shear stress curves which
means the two ER fluids have stable chain structures in the shear
rate range. The highlighted difference between the two ER fluids
is that the shear stress of PIL/TiO, is higher than that of PIL at the
same electric field strength. This demonstrates that the
combination of TiO, with PIL can effectively improve the
shear stress value of PIL-based ER fluids.

To further compare the two ER fluids, their yield stresses at
each electric field strength were extracted from the flow curves.
The shear stress at the beginning of the flow curve is identified as
dynamic yield stress (t,). The 1, values of the two ER fluids are
plotted in Figure 6A as a function of electric field strength (E). It
is obvious that the 1, values of PIL/TiO, are significantly higher
than those of PIL. The electroresponse of PIL in silicone oil is
generated from the local movement of free counter ions at the
interface of PIL particles and silicone oil. According to the SEM
images of the particles shown in Figure 2, the composite particles
(containing nearly 66 wt% of PIL and 34 wt% of TiO,) with
irregular shape have a much larger relative surface area, which
will improve the interactions between particles. Generally, the
relationship between 1y, and electric field strength (E) of ER fluids
can be analyzed by a power law equation with a power value (1)
in the range of 1-2 (Parthasarathy and Klingenberg, 1996). After
fitting using the power law, m equals 1.32 and 1.37, respectively,
for PIL and PIL/TiO,, indicating that the conductivity of the
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FIGURE 3 | FT-IR spectra (A), TGA curves (B), XRD patterns (C), and DSC curves (D) of (VBImM)(BF,) (L), P(VBIm)(BF,) (PIL), and PIL/TIO,.
FIGURE 4 | Optical micrograph of the ER fluids (5 vol%) of PIL (A) and PIL/TIO, (B) before and after the application of an electric field (voltage value: 150 V).

particles also plays a significant role in influencing the interaction
of particles in electric fields (Wu and Conrad, 1997). The m value
of the ER fluid of PIL/TiO, is larger than that of the PIL particles,
which also confirms that the introduction of TiO, will improve
the electroresponsive properties of PIL.

Figure 6B shows the shear stress curves of PIL and PIL/TiO,
ER fluids when the electric field is switched on and off alternately
under steady shear flow with a fixed shear rate of 0.1 s™'. As
shown in the figure, when the electric field is turned on, the shear
stress increases rapidly and forms a stable platform area. When
the electric field is turned off, the chain structure loses its strength
at the electric field and will be quickly destroyed under the action
of the shear flow, thus exhibiting very low shear stress

approaching zero. Similar to the flow curves shown in
Figure 5, the shear stress of the ER fluids at pulsed electric
fields also increases with the increase of electric field strength, and
the shear stress of PIL/TiO, is higher than that of PIL at the same
electric field strength. In addition, it is also found that the
switching effect of the ER fluids is fast and repeatable, which
is necessary for electrically controlled devices.

Figures 7A-D show the dynamic sweep curves of the ER fluids
of PIL and PIL/TiO,. In each figure, the storage and loss modulus
(G’ and G") are plotted as a function of stain or angular frequency.
G' and G” of the ER fluids imply their solid-like properties. In the
amplitude sweep tests (Figures 7A,B), under zero field, the two ER
fluids show liquid-like behavior with very low G’ and G” in the
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FIGURE 6 | Dynamic yield stress of the ER fluids as a function of electric field strength (A) and shear stress of the ER fluids at a square pulsed electric field (unit: Kv/mm) (B).

entire strain range; however, under the action of an electric field
(E = 0.5-4.0 kV/mm), they show enormously increased G' which
can be 10°Pa at E = 4.0kV/mm. At each applied electric field
strength, G' is much higher than G” and shows a stable plateau
region when the critical strain is not reached, which indicates the
solid nature of each ER fluid. When the applied strain is over the
critical value, G’ starts to decrease, which means the particle chains
are destroyed by the large strain. The strain range before the critical
value is called the viscoelastic region of the ER fluid. Comparing the
two figures shown by PIL and PIL/TiO,, it is found that the plateau
value of G’ for PIL/TiO, is much higher than that of PIL, which
means at the same electric field, the PIL/TiO, ER fluid has stronger
rigidity than PIL ER fluid.

Figures 7C,D show the angular frequency sweep curves of the
ER fluids of PIL and PIL/TiO, measured under a fixed strain in
the viscoelastic range. In the absence of an electric field, G’ and
G" of each ER fluid have similar value in a very low level
(10-100 Pa), indicating that the interactions between particles
are weak. When an electric field is applied, the values of G’ are in
the range of 10*~10° Pa, much higher than those of G” because of

the formation of robust particle chains in the ER fluids. The
strength of the chains increases with the increasing of E such that
G’ increases with E as well. In addition, both G’ and G” values of
the PIL/TiO, ER fluid are much higher than those of the PIL ER
fluid, confirming the higher ER effect of the composite particles.

Figure 8 shows the yield stress of the ER fluids measured at
different temperatures. As we know, when temperature increases,
the viscosity of silicone oil decreases which means the shear stress
of the ER fluids at zero electric field strength will decrease.
Differently, as an electric field is applied, an increase in shear
stress might be observed with the increase in temperature. It is
because at higher temperatures, more chemicals in the particles
can be polarized, which means the interactions between particles
increase. Unfortunately, the mobility of anions in PIL is also
improved by increasing temperature so that leakage current rises
rapidly until a short circuit occurs at critical electric field strength.
For the ER fluid of PIL, the operation temperature decreases
obviously with the increase of applied electric field strength.
Because of the enhancement of ion mobility in pure PIL, the
highest operation temperature is 60°C at E = 3 kV/mm because of
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the enhancement of ion mobility in pure PIL; by contrast, it is
100°C for the PIL/TiO, ER fluid. It indicates that the composite
particles are more stable than pure PIL particles at higher

temperature, which is attributed to the continuous inorganic
TiO, phase that limits the movement of anions of PIL. The
significant improvement of T, of PIL in the PIL/TiO, composite,
which has been shown in Figure 3D, also confirms the restriction
of TiO, on the movement of PIL chains.

CONCLUSION

PIL-based composite particles, PIL/TiO, were fabricated by a
facile one-pot method by combining the polymerization of IL
monomer and the hydrolysis of titanate in one system.
Morphological analysis proved that in the irregularly
shaped composite particles, PIL micron spheres were
embedded in the continuous TiO, phase. The PIL spheres
in the composite were not as big as those fabricated in a single
polymerization process, which demonstrated that the sol
solution of TiO, influenced the growth of the PIL spheres.
TGA results indicated that the mass ratio of PIL to TiO, in the
composite particle was 2:1. Steady and dynamic rheological
analysis revealed that the PIL/TiO, ER fluid had higher yield
stress and higher storage modulus at electric fields. More
importantly, the PIL/TiO, ER fluid can work at high
temperatures up to 100°C at E = 3.0 kV/mm, which is
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much higher than that of pure PIL ER fluid (60°C). The one-
pot fabricated PIL/TiO, suggested a facile way to prepare PIL-
based composite particles for the research of
electroresponsive materials with excellent responsiveness
and a broad working temperature range.
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