Nano Energy 116 (2023) 108762

ELSEVIER

Contents lists available at ScienceDirect

Nano Energy

)

[

nano energy

journal homepage: www.elsevier.com/locate/nanoen
Full paper ,.)
Electron transfer induced contact-electrification at oil and oleophobic

dielectric interface™

Huaifang Qin*", Liang Xu™"", Fei Zhan *, Zhong Lin Wang *“"

2 Beijing Institute of Nanoenergy and Nanosystems, Chinese Academy of Sciences, Beijing 101400, PR China
b School of Nanoscience and Technology, University of Chinese Academy of Sciences, Beijing 100049, PR China

¢ Georgia Institute of Technology, Atlanta, GA 30332-0245, USA

4 College of Chemical Engineering, Beijing University of Chemical Technology, Beijing 100029, PR China

ARTICLE INFO ABSTRACT

Keywords:

0Oil droplet
Contact-electrification

Fluid dielectric

Thermally stimulated current
Triboelectric nanogenerator

The oil dielectric has been used for enhancing the performance and durability of triboelectric nanogenerators
(TENGS), but little is known about the contact-electrification (CE) (or triboelectrification) characteristics of the
oil. Here, the CE behavior of different oil droplets with oleophobic surfaces is systematically investigated by
dropping oil on a single-electrode TENG. The electrification trace is clearly imaged using a high-voltage scanning
probe approach. Thermally stimulated discharge techniques are adopted for studying the detailed trapping

characteristics of contact-generated charges with a homemade instrument, and the results are consistent with the
thermionic emission model. The research provides systematic understandings on oil CE with oleophobic surfaces,
together with general investigation paradigms and characterization methods for electrification phenomena on
surfaces. Meanwhile, because typical oils are regarded as free of ions, their CE is attributed to electron transfer,
which may contribute to the understanding of fundamental CE mechanisms.

1. Introduction

As an emerging technology for energy harvesting, triboelectric
nanogenerators (TENGs) provide an effective solution of sustainable
power supply for various distributed electronics that need to work
wirelessly, from sensors of Internet of Things (IoT) to implantable
medical devices [1-4]. They are also conceived to be aggregated
massively to harvest power from wind or water waves, which can be
large enough to contribute to the power grid [5-8]. TENGs work based
on the coupling effect of triboelectrification and electrostatic induction,
converting mechanical energy into electricity [9-12]. Before large-scale
applications, challenges such as improving the power density and
durability of the TENGs still need to be solved [13-15].

Traditionally, the structure of TENGs involves polymer layers and air
as the dielectrics [16], and the latter as a fluid dielectric is often over-
looked although important. Its characteristics of low dielectric strength,
high moisture permeability, little lubrication effect and tribo-
electrification effect severely affect the performance of TENGs [17]. oil,

as an alternative fluid dielectric, is extensively investigated recently for
high-performance TENGs. Generally, the oil has a much higher dielectric
strength, which is in favor of a larger static charge density on dielectric
surfaces for improving power density [18-20]. The oil can provide a
lubrication effect to enhance the durability of the TENGs [15], and it can
protect the surface from water or water vapor that can severely impair
most TENGs [21]. Moreover, the application of oil allows novel TENG
designs based on fluidic interfaces, such as electric-double-layer nano-
generator [22]. For the above and other potential applications of oils in
TENGS, the contact-electrification (CE) (or triboelectrification) charac-
teristics of oils with solid surfaces are essential and crucial, which still
lack systematic investigations. Meanwhile, because typical oils are
regarded as free of ions, their CE can be attributed to electron transfer,
which may contribute to the understanding of fundamental CE mecha-
nisms [23-25].

In this paper, the CE behavior of oil droplets with oleophobic sur-
faces is systematically investigated by dropping oil on a single-electrode
TENG. The electrification trace is clearly imaged with a high-voltage
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scanning probe approach. Thermally stimulated discharge techniques
are adopted for the first time to study the detailed trapping character-
istics of contact-generated charges with a homemade instrument. The
results provide systematic understandings on oil CE with oleophobic
surfaces. The investigation paradigms and characterization methods
developed here can also be used as general references for further re-
searches on electrification phenomena of surfaces.

2. Results and discussion
2.1. Device structure and electrification process

The electrification experiments are conducted by dropping oil on a
single-electrode TENG, which is regarded as a probe for studying liquid-
solid interface charge transfer [26-28], as shown in Fig. 1a. The TENG is
placed on a support frame with an incline angle of 11.5°, and the back
electrode of the TENG is connected to the ground through an elec-
trometer. A glass dropper is placed upon the TENG with a ground
electrode at its lower end. The experiment involves a three-step process.
The oil droplet first falls from the dropper to contact (or collide) with the
TENG surface, then gradually rolls or slides to the lower end of the
TENG, and finally leaves the TENG and falls into a sink. Fig. 1b dem-
onstrates snapshots of the oil droplet falling from the dropper.

During the relative movement between the oil droplet and the TENG,
the TENG surface is gradually electrified, and charge transfer from the

a
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back electrode as an effect of electrostatic induction can be observed.
More specifically, the oil droplet falls and collides with the surface in the
first step, and moves down in the second step. The different interaction
manners produce two different electrified regions corresponding to the
two steps respectively.

To ensure the oil droplet can move on the TENG surface with little
residual oil, oleophobic surface is necessary, which is realized by a layer
of fluorinated SiOy on the Kapton layer. Fig. 1c shows the scanning
electron microscopy image of the TENG surface and the contact angle of
the oil droplet (glycerol). Micro-structures are fabricated on the surface,
and the glycerol droplet can achieve a contact angle of 136.4°. Contact
angles of some other types of liquids are shown in Fig. S1. Fig. S2 pre-
sents detailed fabrication process of the TENG. In the experiments,
glycerol is typically adopted (Fig. 1d). Other involved liquids include
olive oil, squalane, tetradecane, castor oil and deionized (DI) water, and
their dielectric constants and viscosities are listed in Table S1. Moreover,
chemical groups in the oil molecules may be tuned to improve the output
performance.

Fig. 1e shows detailed surface electrification process in the experi-
ments. In the initial stage, there are few charges on the TENG surface,
and the uncharged oil droplet falls to collide with the TENG surface as
the first step. The oil droplet and the impact zone will be electrified with
opposite charges due to the CE effect, and the surface is normally
negatively charged [29]. Subsequently, in the second step, the oil
droplet moves downward the surface with slighter interaction with the

Fig. 1. Device structure and electrification process. (a) Schematic diagram of the electrification experiments. (b) Snapshots of the oil droplet falling from the dropper.
(c) Scanning electron microscopy image of the TENG surface. Inset: contact angle of the oil droplet on the surface. Scale bar, 500 ym. (d) Molecular structure of
glycerol. (e) Schematics of detailed surface electrification process in the experiments.
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surface and is further electrified, which also gradually produce a nega-
tively electrified trace on the surface. Finally, in the third step, the oil
droplet falls from the lower end with positive charges, leaving negative
charges on the TENG surface, which will cause the transfer of free
electrons in the back electrode due to electrostatic induction [30]. In the
unsaturated stage, as the TENG surface under the dropper is charged, the
oil droplet will be polarized before its falling, which should be especially
evident when the oil has a high dielectric constant and the dropper is
very close to the surface. Thus, the falling droplet will take some positive
charges before the contact, and causes opposite charge transfer in the
back electrode in the first step. The droplet then moves along the surface
with CE and finally leaves the surface with the polarization charges and
contact-generated charges. With a series of droplets, the charges on the
surface will get too crowd, and the surface may reach a saturated state,
in which the oil droplet will only bear polarization charges and induce
corresponding charge transfer in the back electrode.

2.2. Charge transfer characterization of the electrification experiments

The charge transfer from the back electrode is adopted to charac-
terize the electrification process on the surface. According to the theory
of single-electrode TENGs, there will be corresponding signals accom-
panying the motion of the oil droplet and the electrification process of
the surface [26]. For example, there will be a step in the charge signal
when a charged droplet falls on the surface from a distance and the step
is equal to the charge amount of the droplet when the distance is large
enough. When such a droplet leaves the surface to an enough distance,
there will be an opposite step with the same height in the measured
signal. However, in practical experiments, the distance is usually
limited, so it is important to fix the configuration to make the results
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comparable. Fig. 2a presents the transferred charges from the back
electrode in long-term oil dropping experiments, using glycerol and a
dropping height of 0.5 cm, which are also typical experiment conditions
afterward. It can be observed that the charge curve is mainly consisted of
small downward and upward steps, corresponding to the falling down
and leaving of the droplet, which are defined as contact charge Q¢ and
separation charge Qs respectively. The total trend of the charge curve
shows a saturation with rising number of oil droplets. Fig. S3a presents
Qc, Qs and their difference. With the increase of oil droplet number, the
value of Q¢ gradually increases, while the value of Qg first decreases and
then increases, and the difference between Qs and Q¢ gradually ap-
proaches zero. According to the electrification process in Fig. le, the
increase of Q¢ should be attributed to the growing polarization of
droplet by the enhancing electrification of the impact zone underneath,
and the charge difference, which represents the charges taken away
from the surface by the droplet, is reasonable to decrease, because with
growing negative charges on the surface, it will be more difficult for the
droplet to take positive charges away.

To more directly observe the electrification condition of the surface,
a high-voltage scanning probe approach is developed, and the experi-
ment setup is shown in Fig. S3b. Fig. S3c demonstrates preliminary
images of the surface potential by the approach, which can be used to
deduce the surface charge density that is linearly related to the surface
potential [31]. It can be observed that after dropping oil, the motion
trace of the oil droplet will be evidently electrified, and the impact zone
has little difference with other electrified area. It should be noted that
the coordinate here is related to the scanning range, which is not pre-
cisely aligned in different images. Fig. S3d shows a potential image of
the complete trace after oil dropping where the ends of the electrode and
the Kapton film can be seen. In the fabrication of the TENG, the Kapton
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Fig. 2. Charge transfer characterization of the electrification experiments. (a) Transferred charges from the back electrode in long-term oil dropping experiments. (b)
Dependence of total back-electrode transferred charges by 20 drops on the dropping height. Insert: schematic diagram of the dropping height. (c) Detailed curves of
back-electrode transferred charges with different dropping heights. Insert: schematic diagram of contact and separation between the oil droplet and the TENG. (d)
Transferred charges from the back electrode of the TENG and the ground electrode of the dropper. Insert: schematic diagram of charge testing. (e) Back-electrode
transferred charges with different oils. (f) Transferred charges for arrayed back electrodes.
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film is designed to be a bit larger than the electrode to avoid direct
contact of the oil droplet with the back electrode. It can be observed that
there is a zone with strong negative potential between the ends of the
Kapton film and the electrode, which may be caused by the absence of
free charges of the back electrode in the electrification. One may also
notice that there is considerable potential value outside the film. This
should be attributed to the resolution of the probe. Actually, the po-
tential measurement is reliable only when there is a grounded back
electrode, so the region on the electrode is mainly characterized
afterward.

The dependence of total transferred charges on the dropping height h
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is shown in Figs. 2b and S4. The total back-electrode transferred charges
by 20 drops increase almost linearly with the dropping height except
small situations, and reach 2.02 nC for a height of 15 cm. To exclude the
electrification effect of the droplet with air in the falling, the total
charges of 10 droplets fallen in air from different heights were measured
directly using a Faraday cup, showing neglectable charges (Fig. S5).
Fig. 2c presents detailed comparison of back-electrode transferred
charges with different dropping heights. For a small dropping height of
0.5 cm, there are evident steps of Q¢ and Qs, while the step of Q¢ seems
to disappear for a large dropping height of 10 cm, which can be attrib-
uted to that the surface charges at the impact zone cannot cause evident
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Fig. 3. Surface potential characterization of the electrification experiments. (a, b) Surface potential at the sample point (a) and potential images of the motion trace
(b) for different numbers of oil droplets. (c, d) Potential images of the motion trace (c) and the minimum potential (d) for different dropping heights. (e) Surface
potential with different types of liquids. Inset: potential images of the motion trace. (f) Surface potential with the back electrode in different states while dropping oil.

Inset: potential images of the motion trace.
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polarization on the droplet under a long distance, and the falling droplet
will not bear evident polarization charges to cause a Qc signal. The step
of Q¢ also can explain why the total charges for small h do not comply
with the linear trend in Fig. 2b.

Fig. 2d and S6 provide more details on the polarization of the
droplets. As described above, the positive polarization charges on the
falling droplet will cause a signal in the back electrode. The corre-
sponding negative polarization charges will be compensated through the
ground electrode of the dropper, which are shown clearly in the figures
and will also change to a small value with a large h. The corresponding
steps in these two types of curves have almost the same value with
opposite signs (Fig. S6).

Fig. 2e shows the transferred charges of different types of oils. For the
oil with a low relative dielectric constant (Table S1), the polarization
effect of oil droplets is weak, thus Q¢ of olive oil, squalane, tetradecane,
and castor oil is almost zero. The charge value for squalane is evidently
low. Meanwhile, the difference of viscosity seems to have little effect on
the transferred charges by comparing squalane and tetradecane.

To analyze the CE during the moving down of the droplet on the
surface, the transferred charges for arrayed back electrodes were
measured, as shown in Fig. 2f and S7. The charge steps, which corre-
spond to the approach and separation of the droplet to each electrode,
increase sequentially from the top electrode to the lower electrode,
demonstrating gradually rising charge amount on the droplet while
moving down the surface due to CE.

Besides, considering the charges have a long-range interaction, the
influence of the detailed electrification experiment setup was also cali-
brated carefully. Fig. S8a shows schematic diagrams of two typical
configurations. The back-electrode transferred charges with the two
configures show evident difference (Figs. S8b-d). It is analyzed that the
environment static charges, the shape of the grounded surface, and the
shielding of fallen droplets etc. can all contribute to this difference.
Thus, it is very important to fix the configuration carefully in such kind
of experiments to control the unwanted influence. Here, the more
compact configuration 2 is mainly adopted.

2.3. Surface potential characterization of the electrification experiments

Fig. 3a, b, and S9 present the electrification process of the TENG
surface directly by measuring surface potential, which is linearly related
to the surface charge density as discussed above. With the increase of the
droplet number, the surface potential rises gradually, and the surface
potential at the sample point shows linear relation with the drop number
within 400 drops. Fig. 3¢, d, and S10 show the surface potential with
different dropping heights, where 20 drops of glycerol are dropped
before imaging the potential. As shown in Fig. 3c, with increasing
dropping height, the potential at the impact zone is gradually enhanced,
showing a trap-like shape in the 3D image with growing area and rising
depth (Fig. S10), and potential of other part of the motion trace shows
little difference. This indicates that rising dropping height will mainly
enhance the interaction at the impact zone by intensified collision. As
shown in Fig. 3d, the minimum value of surface potential goes almost
linearly with dropping height until 7.5 cm, where the slope gets gentler.

Fig. 3e shows the surface potential at the impact zone after dropping
different kinds of liquid on the TENG surface. With 400 drops of each
liquid, the sampled potential values for squalane, castor oil, glycerol,
and DI water are — 11.61, — 29.44, — 60.63, and — 70.97 V, respec-
tively. DI water demonstrates a stronger electrification capability at the
impact zone in the experiment setup here. The low viscosity of water
may enhance its contact with the surface when falling down.

The state of the back electrode during dropping can also affect the
surface electrification. As shown in Figs. 3f and S11, whether the back
electrode is open-circuited or grounded has no significant effect on the
electrification, while applying a voltage can tune the electrification.
When applying a — 1000 V voltage on the back electrode during oil
dropping, the resulted surface potential at the impact zone will rise
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evidently, and a 1000 V voltage will result in a decrease for the poten-
tial, which means more negative charges are generated on the surface
during electrification. The results imply that by altering the potential of
the back electrode in the electrification, the electrified charges can be
tuned.

2.4. Surface potential in thermally stimulated discharge experiments

In order to understand the characteristics of the above electrified
charges on the TENG surface, thermally stimulated discharge experi-
ments were conducted. Firstly, a simple setup shown in Fig. S12 is
adopted, where the sample is placed directly on a heating table after oil
dropping. To endure high temperature, the substrate is replaced by a
piece of quartz plate in the sample fabrication. In the heating experi-
ment, there is only a back electrode, with the upper surface exposed in
air, which is similar to previous experiments by Lin et al. in microscale
[32]. To better conduct the heat, the copper back electrode is designed
to wrap the entire quartz plate.

In the experiments, the TENG was firstly dropped 400 glycerol
droplets for electrification, then was placed on the heating table
immediately. Fig. 4a and S13 show the variation of potential with
heating time under different temperatures of isothermal heating. The
potential was measured after the TENG being heated for 1, 2, 4, 8, and
12 min, respectively. Because the probe of the instrument cannot
withstand high temperatures, the surface potential was measured at
room temperature without in-situ measurement. The decay of surface
potential is relatively slow at room temperature and it accelerates with
rising temperature. With the heating temperature rising to 423 K, the
potential decays much faster. Within 1 min, the potential decays from
— 58.1 to — 12.1 V. Fig. 4b shows corresponding potential images by
423 K isothermal heating of different times, and the charges on the
motion trace are basically eliminated after 8 min of heating. The decay
of surface charges should be mainly caused by thermionic emission
considering its exposure in air [23,32].

The TENG was also tested with linearly rising temperature of
different ranges, using a rising rate of 3 K/min. Fig. 4c shows the vari-
ation of potential image under three temperature ranges, and Fig. 4d
demonstrates transversely averaged potential over a width of 9 mm
along the motion trace after the heating. When the temperature reaches
348 K, the surface charges are basically eliminated.

2.5. Thermally stimulated current measurement

To investigate more details of the charges on the surface, a delicate
method of measuring thermally stimulated current (TSC) is adopted. The
TSC has been widely used for studying charge trap characteristics of
insulators and semiconductors, and related theories are well developed
[33-36]. From the TSC spectrum, detailed information of trap depth and
trap density can be calculated. In traditional TSC experiments, the
sample is first polarized with high voltage, then depolarized with line-
arly rising temperature when the discharge current is monitored as the
TSC [33-36]. Due to that the traps can be well filled with charges in the
polarization stage, the TSC mainly reflects the trap information. For well
crystallized materials, current peaks for discrete trap energy levels can
be observed, and the peak temperature is related to the trap energy level
and the peak height is related to the trap density [33-36]. For polymers
that have complex structure, the distribution of trap energy levels can be
quasi-continuous, and there will be no sharp peaks in the current signal.
Compared with traditional TSC, the situation is a bit different here.
Because the surface electrification is realized by friction or contact, the
surface traps are not necessarily well filled, and the TSC mainly shows
information of trapped charges. Considering that the TSC allows very
detailed and precise calculation, the method should be very meaningful
for investigating the mechanisms of CE.

Because commercial instruments for TSC only allows small-size
samples, a homemade instrument is developed here and detailed
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temperature of different ranges. (d) Transversely averaged potential along the motion trace after the heating.

trapping characteristics of contact-generated charges on the surface are
studied for the first time based on TSC. Fig. 5a shows the experiment
setup which requires careful designs to measure tiny discharge current.
A programmable heating table is used as the heating source under the
sample, and the table is covered by an AIN plate with a size of
150 mm x 150 mm for insulation. A polished copper plate with a size of
100 mm x 50 mm x 1 mm is piled on the sample as the top electrode,
and a gold layer of 80 nm is sputtered on both sides of the copper plate to
prevent oxidation during heating. A piece of quartz plate is set upon the
top electrode, with a mass of 1 kg above the quartz plate. A grounded
Faraday cage is used to shield noise and stray signals. The preparation of
the sample for TSC measurement is shown in Fig. S14. Because the
temperature is not controlled with feedback, it was calibrated before the
testing by comparing the measured and setting temperatures, as shown
in Fig. S15. Before the TSC testing, the sample was mounted with the top
electrode and the back electrode of the sample short-circuited, and was
isothermally heated by a temperature of 473 K for 24 h to eliminate
possible charges and initialize the sample.

In the experiments, firstly, the setup was verified by repeating dis-
charging a sample with the same electrification condition. As shown in
Fig. S16, the two measurements show good repeatability except small
variations which may be attributed to the difference in electrification.
Moreover, without charges on the surface, there will be no signal during
the heating, as shown in the figure. It is also evident that after each
heating process, the charges on the surface are eliminated, as shown in

Fig. S16b. Here, due to the contact between the top electrode and the
device surface, the fluorinated SiO; on the device surface partially falls
off, so the potential images are slightly different. The above results prove
that the setup is reliable for the TSC testing.

Fig. 5b shows the TSC for electrification conditions using different
numbers of droplets. In the testing, the electrified sample was placed on
the heating table, and waited until the current at the room temperature
reduced to a value close to zero for releasing some very shallowly
trapped charges on the surface. Then the sample was heated by linearly
rising temperature from 298 to 423 K with a rising rate of 3 K/min. For
the case with 400 drops, there is no sharp peaks in the TSC, which should
be attributed to the complex trap energy level distribution on the sample
surface as discussed above. The TSC reaches a maximum value of 2.75
PA at about 340 K, then starts to decrease, and drops to near zero at
about 390 K. For the case with 200 drops, the maximum current de-
creases to 1.47 pA, indicating that the amount of trapped charges de-
creases obviously. The shape of the current curve for this case is not very
regular, which may be attributed to very low filling condition of surface
traps. The corresponding potential images are shown in Fig. S17.

Fig. 5c and d demonstrate the surface potential and variation of the
TSC curve with different dropping heights. By raising the dropping
height to 10 cm, the potential at the impact zone will rise significantly.
The corresponding TSC reaches a maximum value of 4.88 pA at 340 K,
where the TSC is about 2.2 pA for a dropping height of 0.5 cm. This
indicates that the amount of trapped charges increases evidently with
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of oil droplets. (c, d) Initial surface potential (c) and thermally stimulated current (d) with different dropping heights. (e) Discharge current with isothermal heating

at 373 K.

higher dropping height. The temperature for the maximum value of the
0.5 cm case seems to shift higher slightly, which may roughly imply that
the proportion of charges trapped in higher energy levels (or deep traps)
increases.

The discharge current can also be measured under a condition of
isothermal heating. Fig. 5e shows the discharge current of a sample
electrified with 400 glycerol drops under isothermal heating of 373 K.
The temperature first rose fast from 298 to 373 K with a rising rate of
15 K/min, then was hold at 373 K for 30 min. A large discharge current
of 9.3 pA is obtained when the temperature reaches 373 K, which decays
fast subsequently in the isothermal heating. Fig. S18 shows corre-
sponding images of surface potential.

Moreover, because oils are typically regarded as free of ions, the CE

(or triboelectrification) of oils should depend on electron transfer.
Considering the experiments here were conducted with high-purity oils,
the above results can be mainly attributed to electron behavior, which
may contribute to the understanding of fundamental CE mechanisms.

3. Conclusions

In this paper, the CE behavior of different oil droplets with oleo-
phobic surfaces is systematically investigated by dropping oil on a
single-electrode TENG. The transferred charges from the back electrode
are measured to characterize the electrification process on the surface,
and the surface potential is imaged directly using a high-voltage scan-
ning probe approach. The influences of droplet number, dropping height
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and oil type are investigated systematically. Thermally stimulated
discharge techniques are adopted for the first time to study the detailed
trapping characteristics of contact-generated charges with a homemade
instrument. The research provides systematic understandings on oil CE
with oleophobic surfaces, together with general investigation paradigms
and characterization methods for electrification phenomena on surface.
The results should also be very meaningful for the design of droplet
TENGs [9,30].

4. Experimental section
4.1. Fabrication of the device for oil dropping

First, an acrylic substrate was cut by a laser cutter (PLS6.75) with
dimensions of 100 mm x 50 mm x 3 mm. A copper electrode with a
thickness of 30 um was attached to the substrate as the back electrode.
Then, a piece of Kapton film (3M, thickness: 50 um) was attached on the
copper electrode as the dielectric layer. Finally, a layer of fluorinated
SiO, was sprayed on the surface of the Kapton film and dried at room
temperature for 4 h.

4.2. Fabrication of the sample for TSC testing

First, a piece of Kapton film was cut with dimensions of
115 mm x 65 mm. Tapes with a width of 5 mm were stuck around the
Kapton film as a mask. Then, a gold electrode with a thickness of 40 nm
was sputtered to the Kapton film as the back electrode. Finally, the tapes
were removed, and a layer of fluorinated SiO5 was sprayed on the other
side of the Kapton film and dried at room temperature for 4 h.

4.3. Characterization methods

The transferred charges and TSC were measured by an electrometer
(Keithley 6517B). The charges of oil droplets fallen in air were measured
by a Faraday cup (Monroe). The surface potential of the device was
measured by an electrostatic voltmeter (Trek 347), and a 2D displace-
ment platform (Zolix KSA100-11-X for each dimension) was used for
scanning in the potential measurement. A source meter (Keithley 2410)
was adopted as the voltage source. A 25 mL glass dropper was used for
dropping oil. A programmable heating table (JW-400DG) was used for
the heating tests.
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