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Introduction   

Recently, the spread of wearable devices 
makes the measurement and analysis of various 
sensors data easily. Furthermore, with the 
development of the AI or the deep learning, studies 
have been actively performed using the data 
effectively obtained from such devices. In the field 
of sports or health care, studies using a human 
behavior data measured by these devices are 
performed actively for the purpose of a human 
exercise or health assisting. For example, a 
simulation model has been suggested for estimating 
an exercise level using an acceleration data 
measured by a device attached to subject. Most 
studies are, however, for healthy subject and few 
for disabled subject (Ohnishi et.al, 2015). 
Furthermore, the heart rate estimation models in 
walking for healthy subjects (Sumida et.al, 2014) 
and that estimation models in driving a wheelchair 
(Asanuma et.al.,2020., Kamibayashi et.al, 2019) 
have been already reported. However, the oxygen 
intake estimation model in driving a wheelchair has 
not been reported. The oxygen intake is very 
important as an indicator for health(ACSM.,2013). 
Being able to estimate oxygen uptake while driving 
in a wheelchair eliminates the need to use expensive 
and difficult-to-measure respiratory metabolizers. 

The purpose of this study is to suggest a 
simulation model to estimate the oxygen intake 
using a data detected by a wearable device in 
driving a wheelchair. 

Materials and Methods 

Experimental protocol 
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In order to construct and evaluate an oxygen 
uptake estimation model, the acceleration data, the 
heart rate, and the oxygen intake during wheelchair 
manipulating were measured in the experiment. 
Figure 1 shows the state of experimental. In the 
experiment, the subjects were asked to go around a 
20m square course set up in the gymnasium in a 
wheelchair at 7.2km/h and 9.0km/ h for 5 minutes, 
and the acceleration data, heart rate, and oxygen 
uptake were measured. In the experiment, the 
measurement of each parameter was started after 
confirming that the subject’s heart rate was at rest. 
The subjects were 6 healthy men (age: 22.2 ± 1.07 
years, height: 172.0 ± 3.32 cm, weight: 63.7 ± 5.09 kg) 
shown in Table 1, and all of whom did not 
ordinarily use a wheelchair. The wheelchair used in 
this experiment was a basketball competition 
wheelchair (manufactured by OX Engineering Co., 
Ltd.) shown in Fig. 2.

Measurement data

The measured data were 3-axis acceleration (G), 
heart rate (bpm), and oxygen uptake (ml/min/kg). 
Accelerometer was a 3-axis accelerometer (Fig. 3: 
Slick, G-MEN DR-01, sampling cycle 100 Hz)
attached onto a wheelchair, oxygen intake was 
measured using a portable respiratory and 
metabolic measurement system (Fig. 4: AE100i, 
Minato Medical Science Co., Ltd.). The heart rate 
was measured by a heart rate sensor (Fig. 5: 
POLARH10, sampling time 1s) attached to the 
subject's chest.

Data processing

Measurement data were smoothed by a half 
overlap with 24 seconds window size. Therefore, 
the data after smoothing becomes 12 s interval. Next, 
in order to make all samples have the same data size, 
zero padding was performed so that all samples 
had the largest size. For heart rate data, the value 
obtained by subtracting the initial value of each 
sample was used. Thus, these data represent the 
fluctuation values from the initial heart rate of each 
sample.

Estimate model construction and evaluation

Figure 6 shows the model constructed in this 
study. The estimation model consists of input layer
(the   acceleration   toward   a   driving   direction, 
the transverse  acceleration,  and  Heart  rate), the

              Figure 1   The state of experiment

Figure 2   The wheelchair used in this experiment

   Table 1  The physical characteristics of subjects
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intermediate layer of the LSTM with 16 units (the 
activation function is the ReLu function) and fully 
connected layer that outputs predicted heart rate. 
LSTM used data up to 1 minute ago as past data. 
Using 5 out of 6 subjects (of which 20% are 
validation data) as learning data and applying the 
remaining 1 subject's sample as test data, each 
subject is used as test data Cross validation was 
performed and six models were constructed. Adam 
is used as the optimization algorithm. Batch size is 
4. The parameter update was performed at 50 
epochs, and the parameter model with the smallest 
verification error was adopted. Prediction error of 
estimation models constructed was the mean 
absolute error (MAE) of the measured and 
predicted values of the Oxygen Intake. In addition, 
the estimation of the constructed estimation model 
starts 1 minute after the start of driving because the 
data of 1 minute before is used for LSTM.

Results and Discussions

Table 2 shows the MAE obtained using the 
model constructed in the previous chapter. Figure 7 
shows an example of the comparison results 
between the predicted and measured values of 
oxygen uptake. Here, Route 1 traveled at 7.2 km / h, 
and Route 2 traveled at 9.0 km / h.

From Table 1, it can be seen that the result with 
the smallest MAE is F2 (Route 2 of subject C), and 
the result with the largest MAE is A2 (Route 2 of 
subject F). As a result, it is possible to realize an 
estimation with an error smaller than the estimation 
error of 4.2 kg/min/kg (1.2 METs) obtained by the 
previous study that estimated the exercise load 
during walking in a healthy person. From these, 

Figure 3  3-axis accelerometer used in this study

Figure 4 Portable respiratory and metabolic 
measurement system used in this study

Figure 5   Heart rate sensor used in this study

Figure 6   The Oxygen intake estimation model 
in this study

Figure 5   Heart rate sensor used in this study

Figure 6   The Oxygen intake estimation model 
in this study
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it is considered that the oxygen intake estimation 
model constructed by this study can realize the 
estimation with high accuracy.

Furthermore, paying attention to the result of 
Fig. 7 (Route 2 of subject C), it can be seen that the 
prediction of oxygen uptake is realized by 
following the measured value. However, in the 
result of Fig. 8 (Route 2 of subject F), although the 
approximate trend of oxygen intake is captured, the 
predicted value is lower than the measured value as 
a whole, and the prediction error becomes large. It 
is considered that the reason for this is that subject 
F had lower physical ability than other subjects, so 
the increase in oxygen uptake was larger than that 
of other subjects. In addition, there were cases in 
which the trend of oxygen uptake was not fully 
captured in other results. This is thought to be due 
to the lack of subjects and routes number for
machine learning. For the future study, it is 
considered that the estimation accuracy will be 
improved by increasing the number of subjects and 
routes, categorizing the subjects according to the 
exercise experience, and introducing parameters 
related to the exercise experience and physical 
ability of each subject.

Conclusions

        In this study, we constructed an estimation 
model of oxygen uptake when driving a wheelchair 
using sensory data obtained from an accelerometer 
and a heart rate sensor. As a result, the estimation 
error was 1.83 ml / min / kg (0.52 METs). This is an 
estimation error of the exercise load during walking 
of a healthy person of 4.2 ml / min / kg (1.2 METs) 
or less, and it is considered that the estimation with 
high accuracy was realized. Therefore, it was 
suggested that the estimation model constructed in 
this study can estimate the oxygen intake when 
driving a wheelchair. However, some results did 
not fully capture the trend of oxygen uptake, so it is 
necessary to increase the number of subjects and 
routes in the future. In addition, in situations where 
higher estimation accuracy is desired, such as in 
sports scenes, it is possible to introduce parameters 
that represent the physical abilities of each 
individual in addition to the input data used this 
time, and to categorize them according to the 
exercise experience of the subject. It is expected that 
the estimation accuracy will be improved. In 
addition, in order to improve the estimation 

accuracy, it is considered possible to realize highly 
accurate oxygen uptake estimation in various 
situations by incorporating wheelchair-specific 
movements such as dashing and turning 
movements into the route.
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The aforementioned 10 min mean energy expenditures 
were calculated from the energy expenditures 5 min after 
the participants had assumed the standing posture.

The characteristics of the exercise loads were 
analyzed based on the mean value of the exercise loads 
of the eight participants. ANOVA was performed to 
examine the differences in the exercise loads between 
Pattern 1 and the other patterns. The significance level 
was set to 0.05.

(3) Motion of COG
A low-pass filter with a cut-off frequency of 1 Hz was 

applied to the COG data to remove noise. The motions of 
the COG were evaluated in terms of the total,
longitudinal, and sideways lengths of the COG. Figure 6
shows a conceptual diagram of the COG length. The 
coordinate value ( , ) is the nth COG sample, and 

( , ) represents the n−1th COG sample.
is the distance from to . The total length of the 
COG is denoted as , which is calculated as follows:

is the distance from to . The sideway lengths 
of the COG are denoted as , which is calculated as

is the distance from to . The longitudinal
length of the COG is denoted as , which is calculated 
as

is the number of data points which were collected for 
10 min after 5 min had elapsed from the participants 
assuming the standing posture. was set as 60,000. 
Some sampled data corresponding to the participants 
changing the position of their feet on the balance board 
were excluded.

The characteristics of the total COG lengths were 

Figure 6 Conceptual diagram of the COG length

analyzed using the mean value for the eight participants. 
ANOVA and Tukey method were employed to examine 
the differences in the total length between Pattern 1 and 
the other patterns. The significance level was set to 0.05. 
The characteristics of the longitudinal and sideways 
lengths of COG were analyzed using scatter diagrams 
and regression lines.

Results

RMS values of linear and angular acceleration

Figure 7 shows the mean RMS values of the linear 
acceleration at the head and waist, and Figure 8 shows 
the values of the angular acceleration. Each value in 
these graphs represents the mean and standard deviation 
for the eight participants. N is the number of data points.
No significant differences were detected in the RMS 
values of linear acceleration between Pattern 1 and the 
other patterns (p > 0.05). A similar result was obtained 
for the RMS values of angular acceleration.

Exercise loads

Figure 9 shows the mean values and standard 
deviations of the exercise loads under each experimental 
condition. No significant differences were detected in the 
exercise loads between Pattern 1 and the other patterns (p 
> 0.05).

Motions of COG

Figure 10 shows an example of the locus of the COG. 
The longitudinal and sideways lengths of the COG under 
Patterns 2–4 were greater than those under Pattern 1. 
Figure 11 shows mean values and standard deviations of 
the total COG length for the eight participants under each

(a) Head

(b) Waist
Figure 7 Mean RMS values of linear accelerations
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(a) Head

(b) Waist
Figure 8 Mean RMS values of angular accelerations

Figure 9 Mean values of exercise loads

experimental condition. N is the number of data points.
The asterisk (*) in Figure 11 indicates that a significant 
difference was detected. Significant differences were 
detected in the total length of the COG between Pattern 1 
and the other patterns (p < 0.05). 

Figure 12 shows scatter diagrams and regression lines 
of the longitudinal and sideways lengths of the COG for 
the eight participants. N is the number of data points. The 
slope of the regression line under Pattern 1 was larger 
than that under the other patterns. The longitudinal
lengths of the COG were greater than the sideways 
lengths. In Patterns 2–4, more lateral length components 
were included in the wave image, and the sideways 
lengths of the COG were greater than the longitudinal 
lengths.

Discussion

The standing postures of the participants were
evaluated based on the RMS of the linear and angular

(a) Pattern 1                        (b) Pattern 2

(a) Pattern 3                       (b) Pattern 4
Figure 10 An example of the locus of the COG
(participant A)

Figure 11 Total COG length (*: p < 0.05)

accelerations at the head and hip, the exercise load 
(determined based on the energy expenditure), and the 
COG motion.

In our experiments, most participants experienced
slight motions in the standing posture by viewing the 
wave images. These motions were not evaluated in terms
of the RMS of linear and angular accelerations at the head 
and hip or the exercise load. These visual stimuli-induced
motions were marginal and are different from the 
standing postural motions on ships. These motions were 
evaluated based on the COG motion. Significant 
differences were observed in the total length of the COG 
motions between the cases of images with and without 
waves (p < 0.05). In addition, standing postural motion 
occurred as a visual response to the direction of the wave 
projected by the simulator.

The standing posture was controlled by information 
from the sense of equilibrium, somatic sensation, and 
vision. In particular, information obtained through vision 
may be effective for predictive control of standing 
postures.
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Abstract 
 

The purpose of this study is to clarify the conditions 
of Sn-Bi alloy’s superplasticity. Sn-Bi-X low-melting 
lead-free solder alloys were used in this study. Dog bone-
type tensile test specimens machined from the cast 
cylindrical Sn–Bi–X ingot. Tensile tests of Sn-Bi-X 
alloys were carried out at various temperatures (298, 313, 
333, and 353 K) and under various strain rates (from 
5.25×10-5 to 5.25×10-2 s-1). The cross-sectional 
microstructures and fracture surfaces were observed and 
analyzed with SEM, EPMA, and EBSD. In this study, 
superplasticity of Sn-Bi-X alloys was observed at high 
temperatures (more than 333 K) and low strain rates 
(under 5.25×10-4 s-1). The strain rate sensitivity ‘m’ value 
for Sn-Bi-X alloys was less than 0.3. From the results of 
the microstructure observation after superplasticity, it 
was showed that the primary crystal Sn grains could not 
deform along the axial direction and then eutectic 
microstructure contributed to superplasticity deformation. 
This result speculated that the deformation mechanism is 
similar to that of fine-grained superplasticity using 
boundary sliding. 
 
Keywords: Lead-Free solder, Sn-Bi based alloy, 
Superplasticity, Ductility, Strain rate sensitivity 
 
Introduction 
 

Recently, the use of lead and lead-containing 
products are banned in many countries because of their 
harmful effects on the human body and environmental 
problems (e.g., Suganuma, 2001). Many lead-free solder 
alloys have been developed to replace Sn-Pb solders in 
electronic home appliances. Sn-Ag-Cu lead-free solder, 
for example, Sn-3.0mass% Ag-0.5mass% Cu (SAC305), 
has spread as the substitute of Sn-Pb lead solder because 
of the high strength and high joint reliability. However, 
SAC305 is not easily applied to some low heat-resistance 
components due to the high melting temperature, about 
494 K, higher than that of Sn-Pb eutectic solder, 456 K. 
The eutectic Sn-58mass% Bi alloy with the lower 
melting temperature of 412 K has several advantages 

electronic devices from damage under high reflow 

temperatures. However, Bi-containing solder alloy 
shows low ductility. Therefore, the use of Bi containing 
solder alloys in electronic home appliances is limited 
(e.g., Watanabe, 2005; Nagano et. al., 2006).

Aiming to solve this problem, Takao,  Yamada, 
Hasegawa, and Matsui (2002) reported that Sn–Bi and 
Sn–Bi–Cu alloys show superplasticity. However, the 
superplasticity mechanism for Sn-based alloys remains 
unclear. In this study, we investigate the influence of the 
strain rate and the testing temperature on Sn–Bi–Cu and 
Sn-Bi-Sb alloys. Tensile tests are performed under 
various conditions to clarify the superplasticity behavior. 
 
Experimental Procedure 
 

Sn, Sn57mass% Bi, Sn0.7mass% Cu with 99.5% 
purity, and Sb with 99.9% purity were used to synthesize 
Sn-40mass%Bi-0.1mass%Cu and Sn-40mass%Bi-
Xmass%Sb (X = 0.1, 0.5,1.0). Hereafter, the composition 
unit “mass%” is omitted. The synthesized ingots were 
weighted and fused in Al2O3 crucible in an electric 
furnace at 673 K and left to solidify for 24 h to obtain a 
homogeneous composition. Then the ingots were 
remelted at 653 K and cast in an Al mold cooled at 15 
Kmin-1 to form a cylindrical ingot. Dog bone-type tensile 
test specimens machined from the cast cylindrical Sn-
40Bi based alloys ingot are shown in Figure 1.  

 

 
Fig.1 Schematic of tensile test specimen (unit: mm) 

 
Tensile tests were performed on a universal material 

testing machine at strain rates of 5.25 10-2, 5.25 10-3, 
5.25 10-4, and 5.25 10-5 s-1. Each test piece was tested 
at 298, 333, and 353 K using an atmospherically 
controlled furnace until a complete fracture occurred. 
The tensile test results were statistically averaged over 
three trials under each set of conditions. 
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Specimens before and after tensile testing were 
embedded in resin and cut for microstructural 
observation. Their surfaces were polished with SiC 
papers of up to # 1500-grit and then with a 1-μm diamond 
abrasive and colloidal silica for mirror finishing. The 
cross-sectional microstructures and fracture surfaces 
were observed with a scanning electron microscope 
(SEM). The crystal orientation was also analyzed by 
electron backscatter diffraction (EBSD). The elemental 
distribution was evaluated by electron probe 
microanalysis (EPMA). 

 

 
Figure 2 Stress-Strain curves of Sn-40Bi-0.1%Cu at 298 
K under various strain rate. 

 
Figure 3 Tensile stress–strain curves of Sn–40Bi–0.1Cu 
at 298, 333, and 353 K under strain rate of (a) 5.25 × 
10−3 and (b) 5.25 × 10−4 s−1. 

 
Figure 4 Optical microscope images of fractured 
specimens after the tensile test. 
 
Results and Discussion 
 

The effect of strain rate on the mechanical properties 
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of Sn-40Bi-0.1Cu is shown in Figure 2. The tensile 
strength decreased with a decrease in strain rate. The 
tensile strength under 5.25×10-2 s-1 became 0.7 times as 
large as that of the alloy under 5.25×10-4 s-1. On the other 
hand, the elongation increased with a decrease in strain 
rate. The specimen elongation is over larger three times 
as large as that of 5.25×10-2 s-1.  The tensile behavior of 
Sn-Bi-Cu at 298 K is different from superplasticity. 
Figure 3 shows the effect of test temperatures on the 
mechanical properties of Sn–40Bi–0.1Cu alloy. With 
decreasing strain rate, the tensile strength is decreased 
but the elongation is rapidly increased at temperatures 
of >333K and strain rates of <5.25 10-3 s-1. The highest 
elongation, under the condition of 353 K and 5.25 10-4 
s-1 is 340%. Superplastic behavior is classified as > 200% 
strain(e.g., Ohsawa and Nishimura, 1989). Therefore, 
superplasticity appears at temperatures of > 333 K and 
strain rates of < 5.25 10-4 s-1. From the stress-strain 
curves at 298 K, the stress decreases remarkably after the 
ultimate tensile strength is achieved as the strain rate 
decreases. This is attributed to the relative strengthening 
of recovery and recrystallization mechanism in the Sn-
40Bi-0.1Cu alloy compared to the work-hardening 
mechanism. Figure 4 shows OM images of fractured Sn-
40%Bi-0.1Cu specimens after the tensile test. Sn-Bi-Cu 
alloys at 298 K and at 333 K under 5.25×10-2 s-1 displayed 
a brittle fracture mode. Sn-Bi-Cu alloys at 333 K under 
5.25×10-3 s-1 and at 353 K under 5.25×10-2 s-1 displayed 
a ductile fracture mode. These specimens indicated 
necking and their fractured surfaces consist of ductile 
dimples. At remaining specimens chisel point fracture 
were observed. The tip of the break department was a 
circular. Based on the obtained stress-strain curves and 
fractured morphologies, fracture mode can be divided 
into four classes as shown in Figure 5. The microstructure 
of Sn–40Bi–0.1Cu shows the hypoeutectic structure 
comprising primary Sn dendrites with the average 
diameter of approximately 25 μm and Sn–Bi eutectic 
phases with the average diameter of approximately 10 
μm from the SEM observation. The EPMA results 
confirm that Cu atoms are dissolved in the Sn–Bi 
eutectic-phase matrix. 

The strain rate sensitivity index “m” at various test 
temperatures is shown in Figure 6. The strain rate 
sensitivity index “m” is defined generally by the equation  

 
Figure 5 Classification of strain-stress curves and 
fracture mode of Sn-based alloys. 

 
Figure 6 Strain rate sensitivity index “m“ of Sn–40Bi–
0.1Cu alloy at various test temperatures. 

 
Figure 7 Stress-Strain curves of various Sn-Bi-Sb alloys 
 at 353 K under strain rate of 5.25 10-4 s-1. 
 
below.  

    equation (1) 
 
The strain rate sensitivity index “m” is calculated by the 
slopes of various temperature's lines. Index “m” increases 
with temperature increase. The strain rate sensitivity 
index “m” for general superplastic materials with fine 
grains is >0.3 (e.g. JIS H7007, 2002; Ishihara and 
Kondoh, 1997). From this figure, this value is lower than 
the critical value of 0.3 indicating fine-grained 
superplasticity. However, it is close to 0.3.  

Next, we investigated the effect of strain rate and 
test temperature on the mechanical properties of Sn-
40Bi-XSb alloys. The stress-strain curves of Sn-40Bi-
X Sb alloys are similar to those of Sn-40Bi-0.1Cu and 
Sn-40Bi-0.01Ni alloys (e.g. Yamauchi, Ida, Fukuda, and 
Yamaguchi, 2018). Figure 7 indicates the stress-strain 
curves of Sn-40Bi-X%Sb alloys at 353 K under 5.25×10-

4 s-1. In this condition, the 
 Sn-40Bi-0.1Sb alloy. The tensile strength 

decreased with an increase Sb concentration. The tensile 
strength of Sn-40Bi-1.0Sb, 23 MPa, became half times as 
large as that of Sn-40Bi-0.1Sb at 353 K under 5.25×10-4  
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Figure 8 Appearance of the Sn-40Bi-1.0Sb specimen 
before and after tensile testing at 353 K under 5.25 10-

4 s-1 
 
s-1. Conversely, the elongation increased with Sb 
concentration. The highest elongation of Sn-40Bi-1.0Sb, 
under the condition of 353 K and 5.25×10-4 s-1 is not  less 
than 900% (Figure 8 shows a photograph of the 
appearance of the specimen having an elongation of not 
less than 900%). These specimens observed longer 
elongation without necking and their fractured mode 
shows chisel point fracture. The reason for this is that Sb 
is not only solid-solved in Sn primary crystals, but also 
solid-solved in Bi at all rates, so unlike the conventional 
Cu and Ni additions, it is sufficient to add a certain 
amount of Sb instead of adding a small amount. It is 
considered that this resulted in superplastic deformation. 
In addition, from the microstructure observation results, 
it is considered that superplastic deformation is likely to 
occur because the eutectic structures of Sn primary 
crystals and Sn-Bi become finer as the Sb concentration 
increases. 

Figure 9 shows the strain rate sensitivity index “m” at 
various test temperatures. The strain rate sensitivity index 
of these alloys was lower than the threshold value of 0.3 
in general fine-grained superplasticity. This result was 
the same as the Sn-40Bi-0.1Cu and Sn-40Bi-0.01Ni 
alloys(e.g. Yamauchi, Ida, Fukuda, and Yamaguchi, 
2018). The microstructure and average grain sizes of Sn-
40Bi-Sb alloys are similar to those of Sn-40Bi-0.1Cu 
alloy. From the EPMA analysis, it is indicated that Sb 
atoms are dissolved in the primary Sn phase 
preferentially, and then with increasing Sb concentration  
 

 
Figure 9 Strain rate sensitivity index (m) of Sn–40Bi–
1.0Sb alloy at various test temperatures. 

Sb atoms are also dissolved in the Sn–Bi eutectic-phase 
matrix. 
 
Conclusions 
 

In the present study, the tensile behaviors of Sn–
40Bi–0.1Cu and Sn-40Bi-X%Sb(X = 0.1, 0.5,1.0) alloys 
at various test temperatures and strain rates were 
investigated and observed by OM, SEM, and EBSD. The 
superplastic deformation mechanism of these alloys was 
clarified. The following results were obtained. 

1. The tensile strength was decreased and the 
elongation was increased with increasing temperature or 
decreasing strain rate. 

2. Superplasticity of Sn–40Bi–0.1Cu and Sn-40Bi-
X%Sb(X = 0.1, 0.5,1.0) alloys was observed at high 
temperatures and low strain rates, specifically at >333 K 
and <5.25 × 10−4 s−1. 

3. The strain rate sensitivity index m was increased 
with temperature. The strain rate sensitivity index m of 
Sn-based alloys is lower than the critical value of 0.3 
indicating fine-grained superplasticity.The maximum m 
of Sn–40Bi–1.0Sb alloy was 0.26. 

4. Cu atoms are dissolved in the Sn–Bi eutectic-phase 
matrix. Sb atoms are dissolved in both the primary Sn 
phase and Sn–Bi eutectic-phase matrix. The difference of 
dissolved into the phase caused the disparity of 
superplasticity elongation between Sn-40Bi-0.1Cu and 
Sn-40Bi-Sb alloys. 
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Abstract 
 

For low temperature co-fired ceramic (LTCC) 
materials used for compact electronic devices, their 
low heat dissipation is a problem, hence high heat 
conduction has been required. Previous studies by the 
authors have been intended to develop sintering aids 
that could allow Al2O3 (alumina) with high thermal 
conductivity of approximately 30 W/mK to be 
sintered at a low temperature with a small quantity. 
By utilizing CuO–TiO2–Nb2O5–Ag2O additives, low 
temperature co-firing with silver electrodes at 900 °C 
or less was realized and a low temperature co-fired 
alumina having high thermal conductivity of 20 
W/mK was successfully developed. In this study, we 
focused on ZnAl2O4 (gahnite) ceramic, which has the 
potential to exhibit higher thermal conductivity than 
Al2O3 but sinters densely at a moderate temperature 
of approximately 1,500 °C, has been investigated. 
When adding only 4 wt% Cu3Nb2O8 (copper niobate) 
additive, the sintering temperature was lowered 
significantly to 935 °C, which is lower than the 
melting point of silver of 961 °C. The sample fired at 
935 °C for 24 h exhibited a relative dielectric constant 
(εr) of 9.1, a quality factor multiplied by resonant 
frequency (Q×f) value of 80,000 GHz (at a 
measurement frequency of approximately 12 GHz), 
and a temperature coefficient of resonant frequency 
(τf) of –65 ppm/K, being relatively satisfactory values. 
The thermal conductivity of the sample was 8.7 
W/mK, which exceeds that of conventional LTCC 
materials (~2–7 W/mK). In addition, low-temperature 
sintering mechanism was also discussed. The melting 
temperature of the powder mixture consisting of the 
Cu3Nb2O8 additive and ZnAl2O4 was measured, but 
no significant changes were observed compared with 
the melting temperature of the Cu3Nb2O8 additive 
only of approximately 970 °C. These results indicated 
that the densification of the sample occurred in solid 
state (solid-state-activated sintering). 
 
Keywords: Ceramics, ZnAl2O4 (Gahnite), Low-
temperature sintering, Microwave dielectric properties, 
Thermal conductivity 
 

Introduction 
 

Low-temperature co-fired ceramics (LTCC) are 
dielectric materials widely used for small electronic 
devices such as wiring substrates and integrated circuit 
packages (e.g., Sebastian, 2008; Imanaka, 2005). 
However, the low heat dissipation of LTCC materials has 
been a problem. Aluminum-based oxide ceramics, such 
as alumina (Al2O3) as the base material, have relatively 
high thermal conductivity. However, it is necessary to 
add a large amount (approximately 50 % or more of the 
total amount) of low softening point glass with low 
thermal conductivity to achieve low-temperature 
sintering. Consequently, the majority of these 
conventional LTCC materials exhibit a shortcoming, 
namely, a low thermal conductivity (approximately 2–7 
W/mK) (Sebastian and Jantunen, 2008; Induja et al., 
2015). Recently, the heat generation density of 
semiconductors, such as LEDs mounted on LTCC 
multilayer devices, has been increasing, and LTCC 
materials with a high thermal conductivity have been in 
demand (Shimizu et al., 2015). Therefore, in our previous 
research, by utilizing alumina as a base material with a 
high thermal conductivity of approximately 30 W/mK, 
we developed sintering additives for alumina through 
which alumina could be sintered at a low temperature, by 
adding a small amount. As a result, we have developed a 
CuO-TiO2-Nb2O5-Ag2O additive that can sinter alumina 
at a low temperature of 900 °C or less at 5 wt% addition, 
and have realized low-temperature co-fired alumina 
(LTCA) with high thermal conductivity of 18 W/mK 
(Shigeno et al, 2007; Shigeno et al., 2016). 

In this study, we focused on gahnite (ZnAl2O4) 
(Surendran and Sebastian, 2005) having high thermal 
conductivity potential exceeding alumina as a base 
material and examined low temperature sintering by 
addition of a small quantity of Cu3Nb2O8 (Kim et al, 
2001), which has been reported to have relatively good 
dielectric properties as a sintering aid. We also 
investigated to elucidate a part of the low-temperature 
sintering mechanism in this system. 
 
Materials and Methods  
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Commercially available Al2O3 and ZnO powder 
(manufactured by High Purity Chemical Laboratory Co., 
Ltd., Japan), exhibiting an average particle size of 1 μm, 
was weighed at a molar ratio of 1:1 and mixed with a ball 
mill for 16 h, utilizing water as a dispersion medium. The 
dried powder was calcined at 1100 °C (for 4 h) in an air 
atmosphere to synthesize gahnite. The synthesized 
gahnite powder was pulverized by a ball mill for 48 h, 
utilizing water as a dispersion medium. The dried powder 
was used as the raw material powder. The specific 
surface area measured by the BET method was 8.65 m2/g. 
Next, 100–95 wt% of gahnite powder and 0–5 wt% of 
Cu3Nb2O8 additive powder were weighed and mixed for 
16 h by a ball mill, utilizing water as a dispersion medium. 
The dried powder was granulated with a PVA binder and 
formed into a disk through uniaxial pressing at 75 MPa. 
The green bodies were fired at 685–1535 °C in an air 
atmosphere, for 10 min.–96 h.  

The properties of the obtained sintered bodies were 
examined by measuring their bulk densities, microwave 
dielectric properties, and thermal conductivities. Three 
major parameters that describe dielectric properties, 
namely, the relative dielectric constant (εr), quality factor 
multiplied by the resonant frequency (Q×f), and 
temperature coefficient of resonant frequency (τf) were 
measured using a network analyzer (Agilent 
Technologies, 8720ES), by the Hakki–Coleman method 
(Hakki and Coleman, 1960). The τf values were 
calculated using the following equation: 
 

,            (1) 
 
where f20 and f80 are the resonant frequencies at 20 and 
80 °C, respectively. The thermal conductivities were 
measured using the xenon flash method (Netzsch, 
LFA447). In addition, to further discuss the low-
temperature sintering performances of the developed 
materials, microstructure observation by a transmission 
electron microscope (TEM), measurement of the gahnite 
lattice constant and phase identification by X-ray 
diffraction (XRD) utilizing a Cu Kα radiation source, and 
melting temperature measurement of the additive by a 
differential thermal analysis (DTA) were performed. 
 
Results and Discussion 
 

Figure 1 shows the relationship between the firing 
temperature and the sintered density of the gahnite 
sample. In order to obtain a dense sintered body, a firing 
temperature of 1485 °C was required for the gahnite 
single component. On the other hand, in the gahnite with 
the Cu3Nb2O8 additive, the sintering temperature was 
significantly lowered. That is, for the sample to which 4 
wt% or more of the sintering aid was added, a dense 
sintered body of 95 % (4.376 g/cm3) or more of the 
theoretical density of gahnite (4.606 g/cm3) was obtained 
at a firing temperature of 960 °C for 2 h. 

Figure 2 depicts TEM photographs of the 
microstructures of the gahnite sintered bodies containing 

5 wt% Cu3Nb2O8 additive. For the sample fired at 785 °C, 
there was almost no necking between the powders, and 
many pores were present (Fig. 2(a)). On the other hand, 
for the sample fired at 960 °C, the particles were angular 
and no pores were observed. Grain growth was also 
observed as can be seen by comparing with Fig. 2(a). 
Therefore, we confirmed that it was densified (Fig. 2 (b)). 

 
Figure 1 Effect of Cu3Nb2O8 additive amount on the 
relationship between firing temperatures and gahnite 
sintered densities (holding time: 2h). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 Transmission electron microscopy images of 
sintered gahnite containing 5 wt% Cu3Nb2O8 fired at (a) 
785 °C for 2 h; and (b) 960 °C for 2 h. 
 

Furthermore, as shown in figure 3, it was found that 
the sintered densities of the samples in this system are 
greatly affected by the holding time at the firing 
temperature. That is, even if the firing temperature was 
less than 960 °C, for example, 935 °C, dense sintered 
bodies were obtained by holding for a long time of 24 h 
or more. 

Table 1 denotes the firing temperature, dielectric 
properties, and thermal conductivity of the gahnite single 
component, the conventional LTCC material, and the 
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gahnite with 4 wt% Cu3Nb2O8 additive developed in this 
study. The relative permittivity (εr) of the gahnite with 4 
wt% of the above additive is 9.1, the quality factor 
multiplied by resonant frequency (Q×f) value of 80,000 
GHz (at a measurement frequency of approximately 12 
GHz), and the temperature coefficient of resonant 
frequency (τf) of –65 ppm/K, being relatively satisfactory 
values. Although the thermal conductivity was 8.7 W/mK, 
which was approximately 1/3 of that of the sample 
without additives (27 W/mK), the value exceeds the 
highest values of conventional LTCC materials (Induja et 
al, 2015) other than the low temperature sintered alumina 
reported by us (20 W/mK) (Shigeno et al, 2021). 
 

 
 
Figure 3 Relationship between holding time and sintered 
densities of gahnite fired at 910, 935, and 960 °C 
(Cu3Nb2O8 additive amount: 4 wt%). 
 
Table 1 Firing parameters and microwave dielectric, and 
thermal properties of pure gahnite, conventional low-
temperature co-fired ceramic (LTCC) (alumina + glass), 
and sintered samples from our current study (gahnite + 4 
wt% Cu3Nb2O8).   

 
 

In order to elucidate a part of the low temperature 
sintering mechanism in this system, the melting 
temperature was measured by DTA. As a result, as shown 
in figure 4, the melting temperature of Cu3Nb2O8 was 
967 °C. When gahnite was added into the mixture, the 
occurrence of melting at a temperature lower than 967 °C 
was not observed. From these results, it was clarified that 
the densification of gahnite was completed before the 
sintering aid became a liquid phase. Thus, data 
suggesting that "solid-state-activated sintering"  
proposed by German et al., 1988. occurs in this system 
was obtained. 
 

 

 
 
Figure 4 Differential thermal analysis curves of 
Cu3Nb2O8/gahnite mixtures at a heating rate of 10 °C/min. 
 
Conclusions 
 

By an addition of a small amount of Cu3Nb2O8 
sintering aid to gahnite, which is a high thermal 
conductive material, we succeeded in low-temperature 
sintering below the melting point of silver, 961 °C, and 
obtained good dielectric and thermal properties. Then, it 
was suggested that "solid-state-activated-sintering" 
occurs in this system, in which densification is almost 
completed even when the sintering aid is in the solid state. 
In the future, the mechanism of solid-state-activated 
sintering in this system will be elucidated in detail by 
measuring the change in lattice constant with firing 
temperature by X-ray diffraction (XRD), elemental 
analysis of gahnite grains and grain boundaries by energy 
dispersive spectroscopy (EDS). This study provided an 
important stepping stone for that. 
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Abstract 
 

Nondestructive inspection technologies are 
expected to continue to contribute to the safety of life 
in the manufacturing, infrastructure, and 
construction industries. However, there is a scarcity 
of engineers who have expertise in using these 
inspection technologies. National Institute of 
Technology, Suzuka College (Suzuka KOSEN) 
suggests educating through research; engineering 
education of nondestructive inspection was provided 
to students in my laboratory through graduation 
research. Since I was assigned to Suzuka KOSEN, 17 
students (including 6 advanced course students) have 
worked in my laboratory in 5 years. More than 70% 
of the students had been involved in the R&D of 
nondestructive inspection technologies, and about 
95% of the students had been involved in the study 
of magnetic materials. In my laboratory, magneto-
optical (MO) imaging technologies are studied as 
nondestructive inspection methods. MO imaging is 
one of the new attractive methods for nondestructive 
inspection. The magnetic field distribution 
corresponding to defects on the surface of a metal 
specimen can be visualized via MO imaging. 
Therefore, MO imaging can be used for not only the 
detection of defects but also the estimation of the 
shape and depth of defects via magnetic field 
distribution. Magnetic garnet materials are used for 
MO indicators of MO imaging. A magnetic garnet 
thin film is placed on the surface of a metal specimen 
as a sensor of the magnetic field. The modulation of 
the direction of magnetization in the thin film by the 
magnetic field can be visualized using a polarization 
camera. In this study, flexible MO indicators were 
fabricated for MO imaging via a spin coating process 
as a part of engineering education of nondestructive 
inspection. In addition, seminars were held several 
times per year jointly with laboratories specializing 
in nondestructive inspection to deepen student’s 
understanding. As a result of questionnaire survey of 
students in the last year, this education through 
graduation research was generally effective. All 

advanced course students in my laboratory went on 
to college after graduation, and they are still 
studying engineering. 
 
Keywords: engineering education, magnetic materials, 
magneto-optical imaging, magnetic garnet, 
nondestructive inspection 
 
Introduction 
 

Nondestructive inspection technologies are expected 
to continue to contribute to the safety of life in the 
manufacturing, infrastructure, and construction 
industries. However, there is a scarcity of engineers who 
have expertise in using these inspection technologies. 
To develop human inspection resources with high 
expertise, it is necessary to train engineers at a young 
age. National Institute of Technology, Suzuka College 
(Suzuka KOSEN) suggests that educating through 
research provides a good opportunity to develop diverse 
human resources through graduation research. Therefore, 
engineering education of nondestructive inspection had 
been provided to several students in my laboratory 
through graduation research for five years since I was 
assigned to Suzuka KOSEN.  

This study aims to develop effective educational 
methods for nondestructive inspection engineer 
development. Specifically, we focus on the magneto-
optical (MO) imaging method as an example of 
nondestructive inspection to realize experiments by 
which students obtain the expertise of sensor materials 
and fundamental knowledge of optical measurement. 

There are three steps to this study. 
1) Calculation study of magnetic field 
2) Fabrication and analysis of sensor materials 
3) Development of MO imaging set-up 

Each year, we have several students working on one 
of these steps. A total of 17 students (including 6 
advanced course students) had joined my laboratory 
before now. More than 70% of the students had been 
involved in the R&D of nondestructive inspection 
technologies, and about 95% of the students had been 
involved in the study of magnetic materials.  
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In this article, we report the results of our efforts so 
far, including the self-evaluation of students.

Magneto-optical imaging  

MO imaging is an advantageous method for the 
nondestructive inspection. MO imaging can visualize 
the magnetization distribution in an MO indicator that is 
magnetized by the stray field leaked from defects on a 
metal surface. The MO indicator rotates the 
polarization plane of the linear polarization that passes 
through a magnetic film via the Faraday effect. The 
Faraday rotation angle is converted to light intensity 
using polarizers positioned at the Cross–Nicol 
alignment. This light intensity is obtained as a 
photograph using an image sensor, such as a charge-
coupled device camera. Therefore, the stray field from 
defects can be visualized by the two-dimensional image 
of the converted light intensity via the MO indicator. 
The intensity of the converted light can be calculated as 
follows: 

Io = Ii×%T×(sin2
F), (1)

where Ii is the intensity of the light source, %T is the 
transmissivity of the MO indicator, and F represents 
the Faraday rotation angle of the polarization plane. 

Calculation study of magnetic field

In MO imaging, it is essential to analyze the 
intensity distribution of the stray field from a defect
because the Faraday rotation angle depends on the stray 
field intensity. Therefore, as the first step in this study, 
the intensity distribution of the stray field was
calculated to estimate the sensitivity of the sensor.
Comsol multiphasic ver.5.3, which is finite element 
analysis software, was used for the magnetic field 
analysis.

Figure 1. Calculated model developed by a student.
Comsol multiphasic ver.5.3 was used for calculation 
and analysis of the stray field.

Figure 1 shows a model developed by a student. 
This student built this calculation model in a few 
months and could analyze the calculated results. The 
analysis results were used to establish a design for a 
magnetizer to generate a stray field. 

Fabrication and analysis of sensor materials  

A thin film of bismuth-substituted yttrium iron 
garnet (Bi: YIG) was used as a material of the MO 
indicator because the Bi: YIG indicated a large Faraday 
rotation angle in the visual light range. In our previous 
research, MO indicators had been formed via iron beam 
sputtering. The deposited films were crystallized via 
heat treatment at approximately 800 degrees. The 
formed MO indicator was unable to handle the curved 
surface of specimens, i.e., the inspection was limited to 
a flat surface of specimens. The substrate of the MO 
indicator was limited to high-heat resistant materials 
such as quartz glass because the substrate required high 
heat resistance to tolerate heat treatment. In the case of a 
glass substrate, there was a gap between the indicator 
and the specimen surface. The stray field intensity 
decreased depending on the distance from a specimen 
surface. Because of this gap, it was difficult to detect 
stray fields via the MO indicator. Thus, fabricating an 
MO indicator on a flexible substrate is required to detect 
defects on curved surfaces.

Therefore, as the second step in this study, a 
flexible MO indicator was fabricated to enable 
nondestructive inspection on curved surfaces. The Bi: 
YIG as an indicator material was prepared in the 
particle state. The crystallized Bi: YIG particles were 
mixed in an organic binder solution. Polyvinyl alcohol 
(PVA) solution was used as an organic binder to hold 
the Bi: YIG particles on a substrate. Afterward, this 
solution was deposited by the spin courter on a flexible 
plastic substrate. By crystallizing materials before 
deposition, we fabricated an MO indicator on a flexible 
substrate.

Figure 2 Optical image of the surface of the film in 
which the mass ratio of PVA and Bi: YIG was 2:3.

Figure 2 shows an optical image of the surface of 
the film in which the mass ratio of PVA and Bi: YIG 
was 2:3. It was difficult for students to deposit a 
uniform film, so the spin coating process was improved.

149



   

14th International Symposium on Advances in Technology Education
17-20 August 2021, Turku, Finland

The spin coating process has three steps with 
different rotation speeds and times. Table 1 shows the 
spin coating process conditions before improvement. 
We extended the rotation time of the first step in Table 
1 from 5 to 10 s for a smooth flow of particles. In 
addition, the Bi: YIG solution was dropped on a 
substrate after beginning rotation. 

Figure 3 shows an optical image of the surface of 
the film that was deposited via an improved process. 
Improved condition indicated the good uniform 
distribution of the Bi: YIG particles; this condition was
easier for students to make a film.

Table 1. Spin coating process conditions before 
improvement.
Step number Rotation speed [rpm] / time [seconds]

1st 500 / 5
2nd 2000 / 60
3rd 5000 / 1

Figure 3. Optical image of the surface of the film that 
was deposited via an improved process.

Development of MO imaging set-up

To educate students on the application knowledge of 
MO imaging an optical setup had been built by the 
students. This optical set-up provides MO images with a 
smartphone. Since the abovementioned flexible sensor 
was in the development stage, a commercially available 
iron garnet film (MO imaging plate manufactured by 
off-diagonal) was used as the MO indicator. 

Figure 4 shows an MO image taken by a student. A 
carbon steel plate with a slit as a defect of 0.5 mm in 
width and 9 mm in depth was used as a sample. The 
plate was a square with a length of 100 × 100 mm2, and 
the thickness was 10 mm. The defect corresponding to 
the stray field had been visualized via MO imaging as
the contrast of light and dark of the image. Therefore, 
the students had succeeded in constructing an MO
imaging setup with a smartphone.

Figure 4. MO image taken by a student. The defect 
corresponding to the stray field had been visualized as
the contrast of light and dark of the image.

Results and Discussion

We conducted a questionnaire survey targeting all 
students who belonged to my laboratory last year to 
evaluate the educational effect on the students. The 
students evaluated the educational effect on a scale of 
1 to 5.

Figure 5 shows the results of the questionnaire 
survey on the level of learned knowledge about 
nondestructive inspections. A large number of 
students chose “Excellent,” and the response was 
generally good. In my laboratory, fundamental 
nondestructive inspection education was conducted in 
a lecture style over two months from April to June 
yearly. Afterward, students experience experimental 
studies on nondestructive inspection, so the results of 
the questionnaire were high responses. 

Figure 6 shows the results of the questionnaire 
survey on the level of learned knowledge about 
magnetic materials. A large number of students chose 
“Excellent,” and the response was generally good as 
before. 

Figure 5. The results of the questionnaire survey on 
the level of learned knowledge about nondestructive 
inspections.
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Figure 7 shows the results of the questionnaire 
survey on the level of learned knowledge about 
fabrication and evaluation of magnetic sensors. The 
students reacted slightly differently from before, 
“very good” was the largest number in the responses 
from students because not all students were involved 
in the fabrication and evaluation of magnetic sensors. 

Figure 8 shows the results of the questionnaire 
survey on the time spent on graduation research last 
year. Some students studied beyond the time of the 
class of graduation research (60 h). Some students 
studied for several hours almost daily. 

Table 2 shows the expertise that students gained, 
especially in their graduation studies. Students 
realized that they had learned about “Material 
analysis” and “Photography of MO image,” which 
had many experiments.

At the end of the questionnaire, we surveyed the 
degree of satisfaction with my laboratory. The result 
is shown in Figure 9. As a result of the questionnaire, 
the students showed a high level of satisfaction with 
graduation research.

Figure 6. The results of the questionnaire survey on 
the level of learned knowledge about magnetic 
materials.

Figure 7. The results of the questionnaire survey on the 
level of learned knowledge about fabrication and 
evaluation of magnetic sensors.

Figure 8. The results of the questionnaire survey on 
the time spent on graduation research last year.

Table 2 Expertise learned especially in graduation 
research

Expertise Number of response
Material development 1
Material analysis 4
Thin film process 1
Photography of MO image 4
Optical equipment 1
Calculation analysis 2
Physics 1

Figure 9. The degree of satisfaction with our
laboratory. The students showed a high level of 
satisfaction with graduation research.

Conclusions

We had provided engineering education of 
nondestructive inspection to several students through 
graduation research to develop effective educational 
methods for nondestructive inspection engineer 
development in my laboratory. 

We focused on the MO imaging method as an 
example of nondestructive inspection to realize 
experiments by which students gained the expertise of 
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sensor materials and fundamental knowledge of optical 
measurement.  

A total of 17 students (including 6 advanced course 
students) had joined my laboratory before now. More 
than 70% of the students had been involved in the R&D 
of nondestructive inspection technologies, and about 
95% of the students had been involved in the study of 
magnetic materials. 

We conducted a questionnaire survey targeting all 
students who had belonged to my laboratory last year to 
evaluate the educational effect on the students. As a 
result of the questionnaire, the students generally 
responded well to this education. All advanced course 
students in my laboratory went on to college after 
graduation, and they are still studying engineering. 

We would like to continue this education for 
nondestructive inspection engineer development. 
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Abstract

Ionic liquids (ILs) are non-volatile, non-flammable, 
high thermal stability, and have relatively good 
lubricity. We have introduced an active double bond 
into the molecule of IL to synthesize an ionic liquid 
monomer that can be used as a polymerizable 
monomer. Using this monomer, we have succeeded in 
preparing low friction surface materials made from 
an IL type concentrated polymer brush surface and a 
polymer gel film with tough strength. These new 
materials have a friction coefficient on the order of 
10-3, which is an order of magnitude lower than the ice 
surface, high wear resistance and load durability. 
And it has been confirmed that they function as some 
new sliding materials (SRT materials: Soft and 
resilient tribology materials) that can be used under 
high temperature and/or vacuum condition. These 
researches are currently being carried out 
continuously on a GEAR project of the National 
Institute of technology (KOSEN). This paper reports 
on the synthetic methods and tribology properties of 
these materials. Additionally, recently, our research 
group has developed a low-friction surface with 
regenerative function. It is prepared by growing a 
polymer brush from the inside of a polymer film 
coated on a substrate using the phase separation 
phenomenon of two or more mixed polymers. We will 
introduce the outline of this new research result.

Keywords: Ionic liquid, concentrated polymer brush, 
tribology, low friction, radical polymerization

Introduction

Since 2019, National Institute of Technology (KOSEN) 
has been promoting the "Project of human resource 
development for future society". The project named 
GEAR is an educational program for students to become 
independent engineers. KOSEN Students participate in 
world-leading research and grow as independent 

engineers and researchers through research practices. 
Research themes are set for the purpose of 
implementation in society. They actually perform the 
research, the development, and compile the results into a 
journal papers. In this project, we are conducting research 
and development of new ecological and highly efficient 
functional materials that will be needed in the future by 
forming a team of students and faculty members. The 
research team includes not only faculty members of 
KOSEN but also many researchers from companies, 
national research institutes, and universities. KOSEN 
students grow up as engineers and researchers by 
practicing research aimed to the social implementation. 
In this paper, we will introduce the development of low-
friction materials centered on ionic liquids that we have 
been working with students.

Ionic liquids (IL) is a generic term for salts which shows 
a liquid state at a temperature of 100 oC or lower. Since 
they have non-volatility, non-flammable, high thermal 
and electrochemical stability [T. Sato et al.] and relatively 
good lubricity, we regard them as important materials for 
developing some low friction systems. For example, a 
lubrication system using IL may provide a low friction 
system that can be used in space in high temperature, high 
vacuum environments. In the last decade, we developed 
some kinds of polymerizable ILs and applied a surface 
initiated living radical polymerization method to those IL 

poly(DEMM-TFSI)

O O

N
N(CF3SO2)2

_
+

(      )n

Concentrated Polymer brush

Figure 1. Conceptual diagram of a low friction 
surface covered with a concentrated polymer brush 
made from an ionic liquid with a polymerization 
function.
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to construct a surface of a concentrated polymer brush 
(CPB) having ionic liquid properties. The IL-CPB has 
highly stretched structure in various ionic liquids, and 
that it significantly reduces the friction of boundary 
lubrication even under extremely large compression and 
low shear rate [H. Arafune et al.]. 

The second SRT material is a quite novel material, an IL 
double network gel (IL-DNgel) that has a high softness 
and low friction properties while having high strength 
due to the IL-containing double polymer network 
structure. Some ambitious challenges have been made to 
use water-based hydrogels as friction materials, however, 
their industrial uses have been limited because of the 
hydrogels lose their low friction characteristics and 
toughness due to hardening by the evaporation of water. 
We have developed a new material that can stably 
maintain low friction behavior under harsh conditions 
such as vacuum and high temperature by using IL as a 
swelling agent instead of water [H. Arafune et al.]. Their 
coefficient of friction is as low as about 0.003, and their 
durability has been shown to be at the application level 
of some mechanical parts such as sealing and sliding 
materials. 

In the final topic, we will introduce our current 
development of a novel CPB preparation method.  
Typically, the CPB is synthesized by the surface-initiated 
living radical polymerization. Ultra-high pressure 
polymerization conditions are required in most cases to 
prepare CPBs with long brush chain lengths, so cost and 
cumbersome steps hinder industrialization. We have 
developed a method for manufacturing CPB by a simple 
coating method, it is an "Inverted grafting to" method 
(IGT-method) in which a polymer brush is induced 
interfacial segregation from inside the coated polymer 
material layer. If the formation of a polymer brush can be 
induced on the surface of the friction material by the 
phase separation of polymers, it will be possible to form 
a self-healing brush. We demonstrate to prepare polymer 
brushes by IGT-method and their lubricating properties 
also report. In this paper, we introduce three of the 
preparation methods and their low friction properties as 
a practical approach, (1) IL-CPB prepared by In-situ 
polymerization in IL, (2) ionic liquid double network gel 
(IL-DNgel) as a practical SRT material, and (3) CPB 
prepared by the IGT-method as a completely new SRT 
material. 
 
Materials and/or Methods   
 

All materials, preparation methods of polymer materials 
[T. Sato et al.] and measurement method used in this 
paper can be found in the previous paper of the author 
listed in the reference section of this paper. 
 
Results and Discussion 
 
1. In-Situ polymerization of concentrated polymer 

brush (CPB) on the material surface 
 

The CPB synthesis is generally carried out by 
immersing a solid substance having a polymerization 
initiating group on the surface in a solution containing a 
monomer and a catalyst on the heating condition. As a 
CPB formation method that can be produced at low cost, 
we have established an in-situ brush synthesis method 
based on liquid film polymerization technology. The 
CPB film thickness assumed in this study is several 
hundred nanometers to several tens of micrometers. In 
other words, the amount of reactant liquid required to 
form these sizes of CPB is at most about 100 microns in 
terms of film thickness. It could be thought that a 
polymer brush can synthesize by the polymerization in a 
liquid film coating layer on the surface. If an ionic liquid 
is used as a solvent, it is a non-volatile solvent, so there 
is no change in film thickness due to heating. We have 
developed a technology that enables the formation of 
various CPBs on surfaces of various shapes (curved 
surfaces, porous inner walls, etc.) simply by applying and 
heating a polymer solution in which a monomer and 
catalyst are dissolved in an ionic liquid, and the 
polymerization process is performed on the heating 
condition in an argon atmosphere (Figure 2) [5].  

 

 
We devised a friction measurement method by using a 

glass sheet with highly smooth at the level of nanometer 
as the counter surface to the brush surface, and evaluated 
the tribology in macroscale. On the surface of IL-CPB, it 
withstood more than 4000 reciprocating slides even 
under a load of 400 MPa or more and maintained a low 
coefficient of friction ( k = 0.003) without causing brush 
breakage. It was confirmed that this method can form an 
ionic liquid type polymer brush with the same quality as 
the conventional polymer brush and a swelling film 
thickness of about 1 micrometer. It can be said that it is 
an establishment of a general-purpose method for 
forming a uniform large-area brush surface, and we 
believe that the manufacturing cost of polymer brushes 
can be significantly reduced. Figure 3 indicated an EDX 

Cu(I)Cl / Cu(II)Cl2

In-situ polymerization in IL layer

Ecofreiendly
Cost efective

Figure 2. Simple and economically advantageous 
CPB synthesis in a liquid film by in-situ 
polymerization
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analysis of CPB made in a coated liquid film on a 
substrate, (It was prepared without a cover glass: Open 
coat). This is an image obtained by observing the cross 
section of CPB made on a silicon wafer with a scanning 
electron microscope attached EDX and analyzing the 
distribution of atomic species. The image appears to be 
color coded in two regions, the green color at the bottom 
suggested to the existence of silicon atoms on the silicon 
wafer and the red part at the top is the color derived from 
the carbon atom of CPB. The CPB layer is of uniform 
thickness and resides on top of the silicon surface, it can 
be confirmed that CPB was generated on the silicon 
wafer by the open coating reaction system. The dry film 
thickness measured by ellipsometry was calculated to be 
515 nm in dry state, the graft density and the surface 
occupancy were 0.15 chains /nm2 and 35%, respectively 
measured by thermal decomposition analysis.  These 
studies have revealed that CPB has sufficiently large 
potential for practical use. The discovery of this new soft 
material with low friction properties might have an 
impact that brings a paradigm shift from "use of hard 
surface" to "use of flexible surface" at the research field 
of low friction materials [T. Sato et al.]. 
 

 

 
2. Preparation and properties of ionic liquid double 

network gel (IL-DNgel)

Some high-strength gels, which have flexibility, high 
resilience and exhibit low friction properties, are also 
promising as SRT materials. Double network gel 
(DNgel), which is a combination of two types of polymer 
networks with different properties such as hard and 
flexible, in an interpenetrating network structure, can 
exhibit high physical strength and low friction properties 
( k = 10-1 to 10-2) [3]. Hydrogel, which contains water as 
a swelling material, has good compatibility with living 
organisms, and it seems that research is underway to 
adapt it as a sliding material to replace cartilage in joints. 
However, on the other hand, when a hydro gel is used as 
a parts of a machine, the friction coefficient fluctuates 
greatly due to the volatilization of water, and it is difficult 
to maintain stable low friction characteristics. Therefore, 
we have developed a double network gel that 

incorporates an ionic liquid polymer into the gel 
framework (IL-DNgel) and uses an ionic liquid that has 
excellent heat resistance and non-volatility as a swelling 
agent. The IL-DNgel in this study was made by two-
step photoinitiated radical polymerization. For the first 
network, an ionic liquid polymer was adopted as the 
electrolyte polymer. Polymethylmethacrylate with non-
electrolyte character was used for the second network. 
An organic solvent containing an MMA monomer and a 
radical initiator was penetrated perfectly into the first gel, 
and then a second radical polymerization was carried out 
in the 1st-gel network. The organic solvent in the resulting 
gel was replaced with an ionic liquid as a swelling agent 
to give the final low friction gel. 
 

 

 
The obtained IL-DNgel showed high compression 
fracture stress (30 MPa), stably exhibited an extremely 
low coefficient of friction ( k = 0.007) not only at room 
temperature but also at 80 °C, and had similar low 
friction characteristics even under vacuum conditions. 
The results obtained in this study shed light on the 
fabrication of lubricant gels with high mechanical 
strength and robustness, which are expected to be new 
candidates for energy conservation. 
 
3. Formation of loop brush by the inverted grafting 

to method 
 

If it becomes possible to create the low-friction surface 
of the concentrated polymer brush by a simple process 
other than the surface-initiated living radical 
polymerization method, the application fields of the 
brush will be greatly expanded. We attempted to form 
a polymer brush by growing the brush from the inside of 
the polymer layer coated on the surface of the sliding 

Silicone Wafer

CPB layer

Figure 3. SEM-EDX analyses of the CPB product. 
Cross-sectional SEM images of the surface of CPB on 
the Si wafer. Elemental maps about carbon (red) and 
silicon (green). The thickness measurement of swelled 
CPB with the IL indicated 747 nm. 

Figure 4. Composition of double network gel 
consisting of ionic liquid type polymer and neutral 
polymer and image of the gel fixed to the glass 
substrate.
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substrate. This method utilizes the phase separation 
properties of polymers and is called "inverted grafting to 
method (IGT-method)". In the IGT-method, the polymer 
brush is made by mixing the AB type diblock copolymer 
which is the raw material of the polymer brush, with the 
polymer C which will form the coating layer, in the 
solvent and formed a film layer on the substrate by the 
coating. The mechanism of brush generation is that in the 
polymer C layer, the A or the B segment having a low 
affinity for the polymer C is removed from the polymer 
C layer by phase separation, and the brush appears on the 
surface. By arranging this method and using an ABA-
type copolymer as a brush raw material, it is possible to 
form a loop-shaped brush which has lower friction 
compared to the straight brush by the good selecting the 
B segment having a low affinity to the polymer C as the 
coating layer. We synthesized an ABA-type triblock 
copolymer consisting of polybutyl methacrylate (PBMA) 
as the A block and polyethylene glycol (PEG) as the B 
block, respectively, by living radical polymerization and 
introduced into a PBMA thin film. An aqueous glycerol 
solution was dropped on the surface of the thin film, and 
the PEG segment of the block copolymer was segregated 
on the surface to form a brush. The contact angle of water 
droplets dropped on the surface of the hydrophobic 
PBMA thin film decreased with time. This phenomenon 
clearly suggests the formation of hydrophilic PEG 
brushes on the hydrophobic PBMA film surface.  
 

 
The coefficient of friction of the polymer brush surface 

created by the IGT-method is extremely low compared to 
the untreated surface in measured by the Ball-on-disk 
type friction tester using glycerol as a lubricant. In 
addition, it was confirmed by friction measurement that 

the friction coefficient of the loop brush was lower than 
that of the straight brush. And the loop shape was 
confirmed by comparing the theoretical length expected 
from the average molecular weight of the PEG segment 
with the measured value obtained by neutron scattering 
method. Currently, a confirmation test of self-healing 
properties is underway. These details will be provided 
somewhere in the near future. This method is highly 
practical as a simple brush forming method that does not 
use surface-initiated living radical polymerization, and at 
the same time, it is considered that the applicable range 
of low-friction surfaces using a polymer brush can be 
greatly expanded. In addition, its self-healing property 
can be expected to exert a great effect on improving the 
durability of low-friction surfaces. 
 
Conclusions 
 

We have developed an in-situ polymer brush 
polymerization method on a sliding surface as a method 
for improving the practicality of a concentrated polymer 
brush surface that is a soft material but has a low 
coefficient of friction and high durability. The brush 
surface formed by in-situ polymerization showed low 
friction characteristics that were no different from the 
surface formed by the conventional surface initiated 
living radical polymerization in solution method. We 
have also developed a double network ion gel as a new 
SRT material. It has been clarified that this gel have been 
an extremely tough low friction material that can 
maintain its toughness and low friction characteristics 
even at high temperature or reduced pressure. The 
Inverted grafting to method was applied as a method for 
forming the concentrated polymer brush that does not 
rely on the living radical polymerization. It was found 
that the concentrated brush surface could be easily 
formed by inducing a loop-shaped polymer brush using 
ABA-type triblock copolymer, and a SRT material and a 
new low-friction sliding system could be developed. 
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Abstract 
 

In 2020, the GEAR5.0 project was started by 
KOSEN in Japan with an aim to bring the top 
scientists and engineers together by implementing 
research and development with KOSEN. In this paper, 
we report one of our approaches to the GEAR5.0 
project for environmental energy conversion device 
development. In recent years, extensive research on 
the development of electronic devices such as solar 
cells, thermal electrical conversion devices, and light-
emitting devices comprising hybrid materials was 
conducted. For these applications, the research 
targets are efficiency, stability, and function. Hence, 
morphology control has emerged as an important 
research topic in many fields such as chemistry, 
biology, and medicine for the development of highly 
efficient materials and functional device structures 
based on organic and inorganic materials and their 
hybrids. Once developed, these techniques will pave 
the way for a wide range of possibilities, such as the 
development of highly efficient novel functional 
structures in various research fields. Herein, we 
describe the methods for morphology control of 
nanophase separation structures in the photoactive 
layer of organic–inorganic hybrid thin-film solar cell 
to develop a highly functional electronic device for 
social implementation. Specifically, organic and 
organic–inorganic hybrid bulk-heterojunction solar 
cells have the potential advantages of low 
manufacturing cost, light weight, and mechanical 
flexibility. This work demonstrated that it is possible 
to control the phase-separated structure of a bulk-
heterojunction solar cell using a ladder polymer as the 
carrier manager. Therefore, we obtained higher 
energy conversion efficiency than the conventional 
P3HT/Ti-alkoxide system. Titanium is an absorber 
that harvests light at 500 nm or less; thus, the Ti-
alkoxide system is expected to be preferably used for 

energy harvesting systems in indoor applications 
because an indoor light source consists of a shorter 
wavelength component below 500 nm than solar light. 

 
Keywords: solar cell, energy conversion, organic–
inorganic hybrid material, Ti-alkoxide, P3HT 
 
Introduction 

 
Numerous solar cells such as dye-sensitized solar 

cells (O’Regan and Grätzel, 1991; Mathew et al., 2014), 
organic thin-film solar cells, and printable perovskite 
solar cells (Shuttle et al., 2008; Street et al., 2009; You et 
al., 2013) have been proposed in recent years. Among 
these solar cells, the power conversion efficiency (PCE) 
of perovskite solar cells exceeds 20%, which have 
demonstrated high-performance using organic–inorganic 
hybrid materials (Zou et al., 2017). In contrast, organic 
thin-film solar cells, which have been reported with a 
PCE of over 10% on a single junction cell (Lingxian et 
al., 2018), are expected to achieve higher performance 
for practical applications. It has been reported that the 
maximum theoretical PCE of organic thin-film bulk-
heterojunction solar cells can reach approximately 20% 
(Seki et al., 2013). The typical photoactive layer of 
organic thin-film bulk-heterojunction solar cells is 
composed of a p- and n-type semiconducting material as 
the electron donor and electron acceptor, respectively. 
Typically, n-type semiconducting materials used as 
electron acceptors are fullerene derivatives such as [6,6]-
phenyl-C61 or C71-butyric acid methyl ester ([60]PCBM 
or [70]PCBM). However, fullerene derivatives are air-
sensitive after dissolution in some solvents. Therefore, 
alternative non-air-sensitive electron acceptors are 
required. Previous studies demonstrated that some metal 
alkoxides and precursors were available as alternative 
functional electron acceptor materials (Kato et al., 2016; 
Kato et al., 2017). In contrast, when using the Ti-alkoxide 
as the electron acceptor, the PCE was only 0.03% and 
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short-circuit current density (Jsc) was 191 μA/cm (Kato 
et al., 2016). Therefore, an increase in Jsc is required. In 
organic thin-film bulk-heterojunction, the thickness of 
the photoactive layer is on the order of a few hundred 
nanometers, and light absorption, charge separation, and 
transfer occur consecutively within the photoactive layer. 
Therefore, it is important to consider the light absorption 
of the photoactive layer in addition to highly efficient 
charge separation and transfer in parallel (Shuttle et al., 
2008; Street et al., 2009). A number of semiconducting 
polymers with light absorption in the long wavelength 
range have been developed in recent studies to obtain a 
higher Jsc (Li et al., 2017); however, device performance 
has not been improved sufficiently. As one of the factors, 
it is difficult to simultaneously achieve stable high 
solubility in a solvent and the control of polymer self-
formation for phase-separation structures suitable for 
charge separation and transfer. In contrast, we indicated 
that it is effective to control the phase-separation 
structure of the photoactive layer by using the molecular 
bulkiness of the electron-accepting materials (Kato et al., 
2016; Kato et al., 2017). Furthermore, this proposal is 
valid using not only one molecular structure but also 
different molecular structures of the electron-accepting 
materials for phase-separation structure control. 
However, both these methods use a monomer with 
electron-accepting ability. Therefore, these methods are 
not sufficient for controlling the self-formation of the 
polymer an electron donor material (Benten et al., 2016). 
This is because the polymer’s ability to self-organization 
is higher than that of the monomer. Therefore, in this 
study, we propose a novel method that uses monomers 
and polymers with different molecular bulkiness and 
self-organization ability as the electron-accepting 
material. The photoactive layer is composed of a p-type 
semiconducting material as the electron donor and two n-
type semiconducting materials as the electron acceptor, 
Ti(IV)-alkoxide as the monomer electron acceptor, and 
poly(benzimidazobenzophenanthroline) (BBL) as the 
polymer electron acceptor (Hirvonen and Tenhu, 2015). 
In particular, a ladder-type polymer is adopted as the 
electron-accepting material for the formation of 
consecutive charge transfer pass by the n-type 
semiconducting material phase for effective electron 
transportation (Hirvonen et al., 2013). In addition, it has 
been reported by previous studies that charge separation 
occurs between poly(3-hexylthiophene-2,5-diyl)(P3HT) 
as the electron donor material and each electron-
accepting material (Manoj et al., 2002). This proposal 
demonstrates the morphology control of a three-
component bulk-heterojunction for highly efficient 
organic–inorganic hybrid bulk-heterojunction solar cell 
using a monomer and polymer composite electron-
accepting material.

Experimental
The materials used for the photoactive layer, which

are poly(3-hexylthiophene-2,5-diyl) (P3HT) as the 
electron donor material, Titanium(IV) isopropoxide as 
the monomer electron-accepting material, and 

poly(benzimidazobenzophenanthroline) (BBL) as the 
polymer electron-accepting material, were purchased 
from Sigma-Aldrich. The molecular structures of each 
material and energy diagram are shown in Fig. 1.

Figure 1. Materials and energy diagram

Indium-tin oxide (ITO)-coated glass substrates (1
per square) were patterned to fabricate the solar cells. 
These substrates were successively washed with 
detergent in water, acetone, and isopropyl alcohol for 15 
min each and subsequently dried in a stream of air. The 
washed substrates were further treated with a UV-O3 
cleaner (Filgen, Model UV253E) for 20 min. A 
functional layer as an electron collecting layer was spin-
coated on the ITO substrates from a 0.50 wt% 
Titanium(IV) isopropoxide solution in isopropyl alcohol 
at 2000 rpm for 30 s Next, P3HT (3.0 wt%) and 
Titanium(IV) isopropoxide (6.0 wt%) were separately 
dissolved in chlorobenzene solution (Babel et al., 2003). 
These solutions were mixed (1:1 wt%) for the
photoactive layer solution of the single-electron
accepting system, which was spin-coated on a functional 
layer at 2000 to 3500 rpm for 60 s. A photoactive layer 
of monomer-polymer hybrid electron-accepting system 
was also obtained following the same process. The
photoactive layer solution was prepared by dissolving 
P3HT (3.0 wt%) in chlorobenzene solution (electron 
donor solution), Ti(IV)-alkoxide (6.0 wt%), 
methanesulfonic acid (1.2 wt%) and BBL (1.5 wt%) in 
chlorobenzene solution. The solutions were mixed (1:1 
wt%) to obtain the hybrid photoactive layer solution. 
These photoactive layers were dried at room temperature 
in an air atmosphere under dark conditions for 10 min, 
and the thickness of each photoactive layer was 
approximately 300 nm. Moreover, to promote the 
hydrolysis of Titanium(IV) isopropoxide, the substrate 
containing the photoactive layer was placed in a 
humidistat bath at 80% humidity overnight. An organic 
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electrode (50 μm) was coated using a screen printer 
(Mitani Micronics, Model MEC-2400). Poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) 
(PEDOT-PSS, Clevios S V3) was purchased from 
Baytron and used to form the organic electrodes. Finally, 
the photoactive layer and organic electrodes were 
laminated with epoxy resin. The device structure is 
shown in Fig. 2.

Figure 2. Devise structure for solar cells

The current density–voltage (J–V) characteristics of 
the solar cells were measured using a direct-current 
voltage and current source/monitor under illumination 
with AM 1.5G simulated solar light (San-Ei Electric, 
XES-40S1) at 100 mW/cm2. The phase-separated 
structure of the photoactive layers was investigated by 
scanning electron microscopy (SEM, JEOL Ltd., JSM-
7800). UV-Vis-near-IR spectra of each photoactive layer 
on a glass substrate obtained by spin coating were 
measured using a calibrated UV spectrophotometer 
(Shimadzu, UV-1800).

Results and Discussion

The J–V characteristics of each bulk-heterojunction 
solar cell based on Ti-alkoxide and P3HT as photoactive
layers are shown in Fig. 3. The corresponding 
performance parameters are listed in Table 1.

Figure 3. J–V characteristics for solar cells
When using a monomer/polymer hybrid electron 

acceptor for the photoactive layer, the device exhibited a 
higher Jsc value than the device using Ti-alkoxide as a 
single-electron acceptor. In particular, the device with a 

BBL amount of 0.75 wt% showed the highest Jsc (0.704
mA/cm2). We will discuss the relationship between the 
amount of BBL added and Jsc values later in this section. 
Moreover, almost all hybrid electron-accepting devices 
exhibited higher fill factor (FF) values than the Ti-
electron-accepting devices. In contrast, the open circuit 
voltage (Voc) decreased from 0.632 to a minimum of 
0.451 V when using a hybrid electron acceptor.

Table 1. Solar cell Performances

This phenomenon is caused because the lowest 
unoccupied molecular orbital (LUMO) of BBL is deeper 
than the LUMO of Ti-alkoxide. Therefore, Voc 
decreased according to the amount of BBL added. As 
shown in Table 1, the energy conversion efficiency of the 
solar cell increased from 0.057% to a maximum of 0.126% 
by improving the Jsc and FF values. To investigate these 
results, we measured UV-Vis-near-IR spectra (optical 
absorption spectra) of each photoactive layer. The 
measurement results of the UV-Vis-near-IR spectra are 
shown in Fig. 4.

Figure 4. UV-Vis-near-IR spectrum for photoactive 
layers

Therefore, the optical absorption spectra of each 
photoactive layer showed almost the same values with 
the peak value at approximately 550 nm. Accordingly, 
the improvement in Jsc value was not influenced by the 
increase in photo absorption in the photoactive layer. The 
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reason for the high Jsc value of the hybrid electron-
accepting material was attributed to the morphology of 
the photoactive layer. The SEM images of the 
photoactive layer are shown in Fig. 4.

Figure 4. SEM images of photoactive layers

Therefore, the network of Titanium(IV) isopropoxide 
for carrier transport was improved dramatically without 
decreasing the p/n interface by using a monomer-
polymer hybrid electron acceptor compared with the 
conventional single-electron acceptor system.

Conclusions

This work demonstrated that possibility of controlling
the phase separation using a hybrid electron acceptor as 
a charge management layer, which consists of a 
monomer and ladder polymer, thereby improving charge 
transportation ability for obtaining a high Jsc value 
without decreasing the charge separation efficiency. 
When using conventional Titanium(IV) isopropoxide as 
an electron-accepting monomer and BBL as a ladder
polymer, which has the ability to form a mold, the Jsc 
value improved by approximately 2.2 times in this hybrid 
electron acceptor system.

Finally, we believe that this research on the 
environmental energy power generation device will 

contribute to KOSEN education, which aims to bring up
future top scientists.
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Abstract 
 

The demand for biodegradable bioplastics (BBPs) 
has been increasing due to the marine plastic 
pollution problem. In recent years, we have achieved 
dry molding of natural polymers using ionic liquids 
(ILs) as a dissolution aid, demonstrating the 
possibility of creating BBPs from unused biomass. 
Konjac glucomannan (KGM) is a polysaccharide 
derived from konjac potatoes and it is a potentially 
promising candidate for BBPs. However, natural 
polymers such as KGM generally do not have 
thermoplasticity, and the cost of equipment and 
processing is one of the factors that prevent their 
industrialization as materials. On the other hand, a 
unique compositing technique that enables natural 
polymer materials to be given thermoplasticity was 
found by making effective use of ionic liquids. The 
goal of our research is to develop a melt-molding 
method for BBPs, which will contribute to the 
improvement of social resilience by creating 
sustainable industrial materials. The flying powder 
discharged from the konjac flour milling process was 
used as a raw material. For the plasticizer, not only 
low-toxicity ionic liquids but also deep eutectic 
solvents (DESs) were considered as candidates, which 
are attracting attention for their environmental 
friendliness. First, fibres and films were fabricated 
from KGM extracted from flying powder, and the 
structure-property relationship between the 
physicochemical properties of the plasticizer and the 
molecular structure of KGM were analyzed. Finally, 
ILs or DESs that are suitable for KGM plasticization 
based on thermogravimetric analysis were 
systematically identified. In the future, we plan to 
design and synthesize ILs and DESs as plasticizers 
which melt various natural polymers and elucidate 
the correlation between the molecular structures of 
polysaccharides, ILs/DESs and the structural 
properties of natural polymers and the thermo-
plasticization mechanism by using 
thermogravimetric analysis and material tests and 
thermoplasticization mechanism of natural polymers. 
 
Keywords: konjac glucomannan, ionic liquid, deep 
eutectic solvent, biomass-based plastic, melt molding 

 
Introduction 
 

The BBPs has been increasing due to the marine 
plastic pollution problem. According to the International 
Union for Conservation of Nature (IUCN), the majority 
of marine microplastics are generated in people's daily 
lives; 35% from the washing of synthetic fabrics and 28% 
from tire wears. Although the health effects of 
microplastics are still being investigated (Revel et al., 
2018), they have been found to migrate from the 
intestinal tract to the skin, muscle, and liver (Abbasi et 
al., 2018) in fish, suggesting bioaccumulation through 
the food chain (Setälä et al., 2014). In addition, phthalate 
esters and polychlorinated biphenyls (PCBs) have also 
been detected (Hardesty et al., 2015, Besseling et al., 
2013) and can be expected to circulate and threaten 
human health. The development of BBPs is required 
from the viewpoints of environmental protection, marine 
conservation, and health and hygiene. 

KGM is a polysaccharide consisting of glucose and 
mannose which is randomly linked. konjac potato 
(Amorphophallus Konjac) containing KGM undergoes 
drying and cutting processes to produce a crude powder. 
The crude powder is further purified to yield about 60% 
edible purified KGM powder, while the rest is discarded. 
KGM is a polysaccharide with excellent biocompatibility, 
similar to cellulose which is composed solely of -
glucose. In contrast to cellulose, KGM has been used as 
a food product mainly in Asia; the molded konjac. 

Our research group has developed natural polymer 
moldings from silk fibroin extracted from silkworm silk 
cocoons using ILs and organic solvents. While KGM is a 
polysaccharide similar to cellulose, it is inherently plastic 
and biodegradable, as it has already been used as a gel 
food. If KGM could be processed into fibres and films by 
industrial processes, it would be possible to implement 
biodegradable plastics in society along with cellulose. 
The final goal of this research is to develop biomass-
derived plastics that are biodegradable and thermoplastic. 
Natural polymers have usually no melting point of their 
own and can only be processed in a limited number of 
molding processes. Therefore, we expect that ionic ILs or 
DESs, which can act as melting aids, can be applied to 
the molding of KGM to produce fibres, films, or resins 
with excellent processability. In this report, we 
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constructed a process for extracting KGM from konjac
potato and studied the artificial preparation of molded 
products according to solution molding scheme.

Materials and Methods

Fifty wt% 4-methylmorpholine N-oxide (NMMO) 
aqueous solution was purchased from Sigma-Aldrich (St. 
Louis, MO, USA), Dimethyl sulfoxide (DMSO) was 
purchased from Kanto Chemical (Tokyo, Japan). Ethanol,
diethyl ether, 36 wt% hydrochloric acid and sodium 
hydroxide were purchased from Nacalai Tesque (Kyoto, 
Japan). All reagents above were used without further 
purification. Fehling's solution containing sodium 
hydroxide, copper sulfate, sodium potassium tartrate, and 
sodium hydroxide was obtained from Nacalai Tesque.
The konjac potatoes were produced by overseas farmers 
and were kindly gifted. All water used in the experiment
was ultrapure grade.

KGM was extracted and purified from konjac yams 
according to the following method (T. Sato, 1992). 
Briefly, the dried powder was suspended in a 10 wt% 
sodium hydroxide solution and boiled. After that, the 
Fehling's solution prepared at the time was added gently 
and allowed to stand overnight. The precipitates were 
washed with ultrapure water and ground slightly in a 
household mixer. One wt% hydrogen chloride/ethanol 
solution was used for neutralization and washing. Further 
washing was carried out using aqueous ethanol solution 
and pure ethanol, and finally with diethyl ether. The 
resulting powder was vacuum dried overnight.

A suspension containing 2 wt% KGM was prepared 
by adding 50 wt% NMMO solution to the purified KGM. 
The solution was evaporated at 80°C. The process was 
carried out until the entire liquid was infiltrated to the 
KGM powder. Two-times portion of DMSO for the 
initial weight of KGM/NMMO mixture was added and 
the solution was heated at 80°C under ambient pressure. 
A clear, colorless, viscous liquid was obtained.

Results and Discussion

The obtained colorless and viscous solution (dope) 
was stable at room temperature. The dope was poured 
into a Teflon mold and allowed to stand for several hours 

at room temperature to form a gel-like solid. The 
compressive properties of the molded product were 
shown in Figure 1 by mechanical testing equipment. The 
brittle fracture of the gel was observed at a stress of 8.06 
MPa and a strain of 94%. The solvent of the gel seeped 
out on the specimen table after the test, suggesting that 
the mechanical relaxation effect of the gel occurred until 
the brittle failure of the specimen.

Conclusions

In this study, we examined the possibility of 
protocolization of KGM extraction and molding in order 
to create BBPs using KGM. We achieved to obtain a 
polysaccharide solution that is stable at room temperature, 
and achieved the process of molding gel materials from 
the solution. In the future, we will apply ILs and DESs as 
plasticizers to verify the reversible melt-solidification 
process in the temperature range below 200°C, while 
testing the thermal properties of molded solids obtained 
from KGM solutions.
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Abstract 
 

The role of tree ring location and height within 
tree are reflected on the properties of earlywood and 
latewood. Latewood in wood is known to have the role 
of rigidity of the entire wood, however research of 
characteristics on strength and fracture is not 
sufficient. Although there are differences depending 
on the kind of woods, latewood part is significant thin 
layer in the wood. Therefore, latewood material 
testing standard for thin dimension wood are 
currently not established. In this paper, a new tensile 
specimens for latewood (Cryptomeria japonica, 
called Obi in Japanese) is proposed, and it is 
described to precisely measure the fracture stress and 
fracture strain of samples even in regions of very 
small displacements without having to perform 
machining for measurement.  Latewood tensile 
specimen in growth direction taking from the tree log 
for tensile testing is cut from wood plate using cutter 
tool and sandpaper. Quasi-static tensile test of the 
latewood specimen is performed at initial loading 
speed of 1.0 mm/min in the atmosphere with universal 
testing machine. 
 
Keywords: Japanese cedar, latewood, tensile test, 
mechanical characteristics, fracture surface 
 
1. Introduction 
 

Wood has been effectively utilized one of the 
important materials for furniture and building and also as 
a fuel material for the warm up in the house. Wood has a 
valuable feature of absorbing carbon dioxide (CO2) for 
own photosynthesis, and the CO2 stays inside of wood 
even if it’s after they are harvested or burnt up (i.e. carbon 
neutral) [1-4]. Thus, several wood applications have been 
expected to be developed to the new productions which 
woods have not been applied on. An in-depth data on the 

wood’s mechanical property is requested for creating 
demand and effectively utilizing of wood in the future [5].  
   It is especially important to predict the strength of 
laminated wood which has a lots of high production. If it 
can be achieved, a stable supply and a price stability of 
wood will be possible at an early stage. In recent years, 
structural analysis based on finite element method has 
been widely used to make early prediction of stiffness 
and deformation of structural members. Outputs by 
structural analysis is faster than those by experiments. 
Furthermore, improvement of jointing technology in 
wood structure can be expected by establishment of 
structural analysis of wood. Input of highly accurate 
elastic modulus and mechanical property in major wood 
structures: earlywood and latewood for the analysis. 

All wood plants share similar biological 
characteristics that produce wood as their structure. As 
the tree grows, it develops two growth rings in the tree; 
an earlywood and a latewood as shown in Fig.1. It is 
understand that the latewood region makes narrow 
vessels like the degree of thickness of 0.1 to 0.4 mm. 
However, there is no material testing standards for tensile 
test using miniature wood test piece. Thus, it is important 
to preparing of miniature specimen which could be 
subjected to tensile test. This research is what for the 
preparation of miniature specimen of a latewood with 
thin thickness. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Cross-section of the tree log showing earlywood 
and latewood. 
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2. Materials and Methods  
2.1 Wood

Latewood was used from a Japanese cedar called 
Obi-Sugi in an even-aged 40-years old forest stand from 
Nichinan city, Miyazaki in Japan. Fig.2 shows 
illustration of the cross section and orientation of the 
longitudinal latewood sample made from the Obi-Sugi.

2.2 Tensile examination
Fig.3 shows configuration and dimensions of the 

tensile test pieces prepared in this study. Tensile test 
piece as shown in Fig.3 (a) is made with reference to the 

tensile testing standard of a natural plant fiber in the 
previous study [6]. Fig.3 (b) is the test piece in which the 
grip strength is increased by making the grip dimension 
is longer than that in Fig.3 (a). Test pieces of Figs.3 (a) 
and (b) consist of thick paper and two liquid type curing 
adhesion resin. Fig.3 (c) has the feature of much higher 
the bonding force by enclosing adhesion resin of the grip. 

Gage length of Figs.3 (a) to (c) is the same. Fig.4 (a) is a 
grip structure of the A-A cross section of each test piece
in Figs.3 (a) and (b) which is one side bonding by the 
adhesion. On the other hand, The B-B in Fig.4 (b) means 
all-around bonding structure by adhesion resin applied to 
Fig.3 (c). Therefore, the value of bonding force in Fig.3
(c) predicts four times more than that in Fig.3 (a). 
Experimental tensile tests were conducted to examine 
success rate of Figs.3 (a) to (c), respectively. The base of 
the test piece during tensile examination was observed to 
investigate pull-out of latewood and adhesion failure.

Figure 2. Schematic showing the cross section and 
orientation for the latewood sample.

Figure 3. Configuration and dimensions of the several test 
pieces prepared in this study.
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Tensile examination was carried out at quasi-static 
loading speed of 1mm/min under atmospheric pressure. 
Fig.5 shows schematic illustration of tensile examination 
apparatus. Load-cell and laser extensometer were used to 
measure the applied load and tensile deformation, 
respectively. The latewood sample was glued on the 
pasteboard with thickness of 0.2 mm. Latewood of 
moisture content (MC) was 9 % in this study 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3. Results and Discussion 
 

Fig.6 shows stress-strain curve of the each test piece 
indicated Figs.3 (a) to (c). Arrow indicates the rapid 
degradation of applied load and increase of deflection 
related slip deformation by test piece, only observing in 
Figs.3 (a) and (b). Fig.7 (a) shows behavior of pull-out 
and separation of Fig.3 (a) test piece occurred at adhesive 
layer at the base of a bonded part. A success rate in Fig.3 
(a) test piece was less than 20 %. Fig.7 (b) is observation 

result after tensile examination using Fig.3 (b) test piece. 
A pu11-out and resin failure  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. A-A cross section, (a) in Figs.2 (a) and (b) test 
piece and B-B cross section, (b) in Fig.2 (c) test piece. 

Figure 5. Tensile testing system. 
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Figure 6. Stress-strain curves. 

Figure 7. Observation results of the base of each test 
piece after tensile examination.  
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similar to that in Fig.3 (a). Success rate of the Fig.3 (b) 
test piece was approximately 30 %. In the case of one side 
adhesion, the success rate enhancement was not achieved 
with twice the bonding length. This finding indicates that 
the adhesive force was not sufficient to carry out the 
tensile examination. On the other side, improper pull-out 
and other damages of the Fig.3 (c) test piece were not 
confirmed as shown in Fig.7 (c), and the success rate had 
reached 100 %. The Fig.3 (c) test piece of the cross 
sectional structure enclosing latewood around adhesion 
is possible to form higher adhesive force than Figs.3 (a) 
and (b) [7-9].  

Table 1 shows elastic modulus and mechanical 
property, which are found by using Fig.3 (c) test piece.   
However, in order to examine reproducibility of the Fig.3 
(c) test piece, a lot of experimental examination is 
required in the future. 
 
 
 
 
 
 
 
 
 
 
 
4. Conclusions 
 

It was recognized that the Fig.3 (c) test piece, which 
has much higher the bonding force by enclosing adhesion 
resin of the grip, is one that could carriy out tensile 
examinatio of thin latewood specimen with significant 
suitable. 
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Abstract 
 

A number of studies have been carried out in the 
past on the relationship between mechanical property 
and aging conditions of different grades of maraging 
steels. Due to maraging steel is age-hardening type 
materials, many research efforts have focused on the 
microstructural development which combined with 
strength and toughness at the highest hardness. In the 
future, in order to improve the effective utilization 
technology of maraging steel as a structural material, 
it will be required to improve weldability. The heat-
affected zone during welding always includes an over-
aged region in the vicinity of the welded 
microstructure. However, investigation has not been 
conducted on the mechanical property and fracture 
morphology at over-aged maraging steel. The 
objective of this paper is to present the results of an 
investigation whose goal was to study the property of 
strength and behaviour of fracture in over-aged 
maraging steel. The heat treatment procedure was 
selected to be identical to that used in a previous study 
of other researcher. The samples for heat-treatment 
test were cut from the bar and solution treated at 1123 
K for 5.4 ks, and then cooled in air. They were 
subsequently aging treated at 753 K for several 
periods: 150 ks, 550ks and 1100 ks. Vickers hardness 
test, tensile test and fracture surface observation were 
carried out at various aging treatment steps. Vickers 
hardness at peak aged sample (753 K - 150 ks) was 
approximately 10 % decreased than that at over aged 
sample (753 K - 1100 ks). Over-ageing caused a loss in 
strength owing to precipitate coarsening and 
decomposition of the martensite phase with a 
reversion back to austenite phase. The feature of 
mechanical property and fracture behaviour at over-
aged specimen were described and discussed on the 
based on metallurgical side in this paper. 

 
Keywords: maraging steel, over-aged, mechanical 
property, deformation, fracture surface 
 
Introduction 
 

Maraging steels have been intensively researched and 
developed since 1950s [1]. They belong to the series of 
high strength with important parts such as aircraft, rocket, 
metal moulds and so on [2]. Recently, maraging steel 
would be favourable for the additive manufacturing 
process with selected laser melting [3,4]. The range of 
application to the market will be gradually expanded in 
the future. The good mechanical property of maraging 
steel could be achieved due to relevant heat treatment. 
After artificial heat treatment, microstructure in 
maraging steel is formed second phase precipitation, 
resulting in enhancement of hardness, strength, ductility 
and toughness. The main additional element are nickel, 
cobalt, molybdenum. Maraging steels have a low carbon 
content so that after austenitisation, quenching results in 
a microstructure which is predominantly soft-martensite 
by the solution treatment, which is then hardened by a 
kinds of the precipitation phase of intermetallic 
compounds such Ni3Ti, Ni3Mo and Fe-Mo system phases 
after aging treatment. [5]. Among them, because 
maraging steels are age-hardness type materials, many 
R&D efforts have increased profusely microstructural 
development which combined with strength and 
toughness at highest hardness. Hereafter, in order to 
improve the effective utilization technology of maraging 
steel as a structural material, it will be required to 
improve weldability. The heat-affected zone during 
welding always includes an over aged region in the 
vicinity of the welded microstructure [6,7]. However, 
investigation has not been conducted on the mechanical 
property, microstructural evolution and fracture 
morphology at over-aged maraging steel.  
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The objective of this paper is to present the results of 
an investigation whose goal was to study the property of 
strength and fracture surface in over-aged maraging steel.

Materials and Methods  
Maraging steel

A commercial 350 grade maraging steel bar made by 
vacuum arc melted method was used in this study. The 
chemical analysis of the material is given in Table 1. 

2.2 Aging treatment
   Solution treatment was 1123 K (850 °C) for 5.4 ks (1.5 
h) and artificial aging condition was given in Table 2.  
Aging temperature and keeping time were determined 
with reference to previous papers [8-10]. Peak aged 
condition was 753 K for 150 ks, over-aged for 550 ks and 
1100 ks were after that. Aging of the tensile specimen 
was conducted in an electric furnace with a temperature 
accuracy of 1 K (1 °C). Aging treatment was terminated 
by air-cooling at 300 K (27 °C). 

Tensile test and characterization
Cylindrical tensile specimen of 5 mm diameter and 

50 mm gage length was machined from the heat-treated 
bar with its long axis in keeping with the length of the 
bar. Tensile test was carried out on an Instron-type 
universal machine with a capacity of 50 kN (Shimadzu 
Co.) at a constant quasi-static loading speed of 1.0 
mm/min which corresponds to a nominal strain rate of 3.3
× 10-4 s-1. Fig.1 indicates a schematic illustration of the 
tensile testing system. Applied load during tensile test 
was measured by load-cell. Fig.2 shows overlaying 
output data from the non-contact extensometer and strain 
gage. Output result of strain gage lost between = 0.020 
to 0.023, because strain gage come off during tensile 

deformation. Thus, the tensile elongation at first stage 
was used strain gage 

Table 1. Chemical composition used in this study.

Load cell

Specimen CCD-Camera

Figure 1. Testing system.

Table 2. Aging condition.

Figure 2. Evaluation of the tensile deformation and 0.2 % 
proof stress at tensile early stage.
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and non-contact extensometer was used to measure the 
deformation data after the yield point.

Specimens for optical microscopy (OM) and 
scanning electron microscopy (SEM) were etched in 
acid.

Fracture surfaces of the tensile samples were 
examined under scanning electron microscope (SEM), 
operated 5kV. 

Results and Discussion

Table 3 indicates hardness values at several heat 
treated. By previous study, it was reported that peak 
hardness of ST and at 753 K for 150 ks was achieved. In 
present study, although the peak hardness was slightly 
low value, the aging hardness behaviour was recognized 
as shown in Table 3, which included over aged behaviour 
of No.2 and 3.

Tensile stress-strain curve provides efficient 
knowledge of material’s overall mechanical properties, 
metallurgical characterization of the grain, grain 
boundary orientation and other interesting information 
for better understanding the behaviour of aging. Fig.3 (a) 
shows stress-strain curve at solution treated specimen. 
Solution treated specimen represented low strength and 
high ductility, resulting the volume fraction of austenite 
phase and unowned precipitation phases. Fig.3 (b) shows 
the curve at peak aged specimen. High strength was 
observed, and ductility 50 % decreased than the solution 
treated specimen, but unequal elongation was grown until 
fracture point. Fig.3 (c) shows the curve at over aged 

Heat treatment condition Hardness Reference
ST 1123 K, 5.4 ks 336 HV 340 HV
1 1123 K, 5.4 ks + 753 K, 150ks 671 HV 705 HV
2 1123 K, 5.4 ks + 753 K, 550 ks 652 HV -
3 1123 K, 5.4 ks + 753 K, 1100 ks 631 HV -

Table 3. Hardness values at several aging conditions.
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Figure 3. Stress strain curve at several aging conditions.

Heat treatment condition 0.2% proof 
stress (MPa)

Tensile Strength 
(MPa) Fracture Strain

ST 1123 K, 5.4 ks 958 1033 0.102
1 1123 K, 5.4 ks + 753 K, 150ks 2268 2320 0.055
2 1123 K, 5.4 ks + 753 K, 550 ks 2140 2203 0.057
3 1123 K, 5.4 ks + 753 K, 1100 ks 2073 2154 0.064

Table 4. Mechanical properties at several aging conditions.

Figure 4. Photographs of the cup and cone fracture 
behavior at several aging conditions.
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specimen at 753 K for 1100 ks. The ductility of the over 
aged did not decreased significantly than that of the peak 
aged.  

Table 3 shows mechanical properties at several aged 
condition. It was confirmed that the strength decreased as 
the aging treatment processed. Nevertheless, over aging 
treatment generally reduces the tensile ductility, the 
fracture strain increased with increasing aging time. 

Fig.4 shows macroscopic fracture behaviour at 
several aging conditions. Extremely plastic deformation 
at fracture region (i.e. necking) was observed at solution 
treated specimen. The cup and cone fracture was found 
at all specimens regardless of the aging conditions. 
Usually, the over aging treatment with degradation of 
ductility achieves a high temperature solution annealing 
and/or a treatment at a high aging temperature such 
around 823 K (550 °C). In present study, the aging 
temperature at 753 K was determined based on the 
literature [ ], and the attempt was made to reproduce the 
over aged state by increasing the keeping time for aging 
treatment.  
   For most metals and alloys, the temperature 
dependence of the diffusion coefficient, D of the solvent 
element in solid is expressed by the Arrhenius equation 
[11,12]: 
 

=                      (1) 
 
where, Q is the activation energy for the mass transport, 
D0 is the pre-exponential factor, R is the gas constant and 
T is the temperature. It is approved that heat treatment 
temperature as a solution treatment and/or aging 
treatment has an exponential effect on microstructural 
evolution such as crystallographic texture, grain size, 
distribution of intermetallic precipitation particle and so 
on. In present study, the strength was improved by the 
peak aging treatment from solution treated. However, the 
ductility was slightly increased by the over aging 
treatment comparing with that by peak aging treatment. 
Future research in an appropriate temperature range for 
heat treatment will be desired.  
 
Conclusions 
 

In this study, the tensile strength and 0.2 % proof 
stress were improved by the solution sreatment, 1123 K 
for 5.4 ks and then the peak aging treatment, 753 K for 
150 ks.  However, the fracture strain was slightly 
increased by the solution treatment and then the over 
aging treatment, 753 K for 1100 ks.  
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Abstract 
 

Currently, there is a problem that cultural 
properties such as World Heritage Sites and National 
Treasures, which are built of rocks and wood from, 
are weathering and creating micro pores over a long 
period of time, which are deteriorating and collapsing 
due to the penetration of rainwater into them. One of 
the candidates to solve this problem is a transparent 
sealant. If applied to the surface of the target rock or 
wood, the colour of the rock or wood will remain 
almost unchanged, and the sealant will penetrate the 
micro pores on the surface, and harden to prevent 
rainwater from entering the micro pores. 
Transparent sealants must not only prevent 
rainwater penetration, but also inhibit the adhesion of 
biofilm and other contaminants. Therefore, it is 
important to investigate how biofilm adheres and 
what kind of wetting or penetration behaviour of 
droplet exhibits. In this study, the behaviour of poly-
siloxane films, which is one of the transparent 
sealants, in contact with aqueous solutions or biofilm 
simulating solutions was evaluated to get knowledge 
for realizing transparent sealants that sufficiently 
reduce the adhesion of biofilm and do not deteriorate 

addition to pure water, sodium alginate solution 
(concentration 0.1-5%), as the aqueous solution 
simulating a biofilm, was used as a droplet to evaluate 
the wettability. Poly-siloxane films named Permeate 
(D&D Co.) was used in this paper. For comparison, 
glass, acrylic, and fluoropolymer were also evaluated. 
The static contact angles, roll-off angles, etc. were 
measured. It has been found that the poly-siloxane 
films with a larger percentage of phenyl groups 
showed a tendency to have a larger contact angle but 
a smaller roll-off angles, with pure water. It has been 
also found that the concentration of sodium alginate 
in the droplets had little effect on the static contact 
angle, but had a significant effect on the roll-off 
behaviour. 
 
Keywords: biofilm, wettability, poly-siloxane films, 
contact angle, roll-off angle 

Introduction 
 

Currently, there is a problem that cultural properties 
such as World Heritage Sites and National Treasures, 
which are built of rocks and wood from, are weathering 
and creating micro pores over a long period of time, 
which are deteriorating and collapsing due to the 
penetration of rainwater into them. One of the candidates 
to solve this problem is a transparent sealant. If applied 
to the surface of the target rock or wood, the colour of the 
rock or wood will remain almost unchanged, and the 
sealant will penetrate the micro pores on the surface, and 
harden to prevent rainwater from entering the micro 
pores. Transparent sealants must not only prevent 
rainwater penetration, but also inhibit the adhesion of 
biofilm and other contaminants.  

When microorganisms adhere to a material surface, 
biofilms are formed on solid surfaces, consisting of 
water, microorganisms, and extracellular polymeric 
substances (EPS) produced by the microorganisms. 
Biofilms have sometimes many advantages such as water 
purification, but they also have many problems such as 
tooth decay, infectious diseases, food spoilage, and metal 
corrosion, so they must be removed. When considering 
the removal of biofilm, information on the adhesion work 
between biofilm and substrate is necessary, and for this 
purpose, it is essential to evaluate the wettability of 
biofilm on the substrate. Wettability of a biofilm on a 
solid surface can be evaluated by observing the contact 
angle and behaviour of the biofilm on the substrates. 
However, natural biofilms are difficult to extract and thus 
difficult to use for wettability evaluation. One solution to 
this problem is to use the solution simulating biofilms 
instead of natural biofilm. 

In this study, we have investigated the wetting and 
roll-off behaviours of water or the solution simulating 
biofilms in air or in water on various substrates, such as 
glass, acrylic, fluoropolymer, and poly-siloxane films, 
which is one of the transparent sealants. In natural 
biofilms, polysaccharides and proteins are the main 
components of EPS, however, alginate as a 
polysaccharide and various amino acids instead of 
proteins are used for the solution simulating biofilms. 
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Experimental  

In addition to pure water, sodium alginate solution 
(concentration: 1 to 20 g L-1) and solutions containing 
0.7 M of various amino acids (phenylalanine, L-alanine, 
L-tryptophan, L-arginine) were used as liquids to 
evaluate the wetting behaviour. In addition to glass, 
acrylic, fluoropolymer, poly-siloxane films formed on 
glass were used as substrates. The poly-siloxane films
used were prepared by mixing two following oligomers; 
alkoxysilane oligomer containing methyl and phenyl 
functional groups (MW 360, D&D Co., Yokkaichi, 
Japan) and n-2-(aminomethyl)-3-
aminopropyltrimethoxysilane, named KBM-603 (MW 
222, Shin-Etsu chemical Co., Tokyo, Japan). 

Wetting behaviour was evaluated using a contact 
angle meter DMo-501 (Kyowa Interface Science Co., 
Ltd.). Surface tension, static contact angle, roll-off
angle, etc. were measured. Changes over time of 
wetting behaviours of the solution simulating biofilms 
in water on the substrate were also observed. These 
evaluations and observations were carried out at room 
temperature.

Results and Discussion

Figure 1 Surface tension of sodium alginate solution 
(concentration 0 to 10 g/L)

Figure 2 Contact angle of sodium alginate solution 
(concentration: 0 to 10 g L-1) on glass and acrylic. 

Figure 3 Adhesion work of sodium alginate solution 
(concentration: 0 to 10 g L-1) on glass and acrylic. 

Figure 1-3 show the measured surface tension and 
static contact angle, and adhesion work of sodium 
alginate solution (concentration: 0 to 10 g L-1) 
calculated from the tension and the angle on glass and 
acrylic. The error bars show the standard deviation. It 
can be seen from the figures that the adhesion work on 
the glass is larger than that on the acrylic. The 
concentration of the sodium alginate solution has little 
effect on the adhesion work, i.e., surface tension and 
static contact angle.

Figure 4-6 show the measured surface tension and 
static contact angle, and the calculated adhesion work of 
10 g L-1 of sodium alginate solution with 0.7 M of L-
phenylalanine, L-alanine, L-tryptophan, and L-arginine 
on glass, acrylic and fluoropolymer. The error bars show 
the standard deviation. Figure 4 shows that the addition 
of amino acids to a 10 g/L sodium alginate solution 
slightly decreases the surface tension, and the amount of 
decrease increases in the order of L-phenylalanine, L-
alanine, L-tryptophan, and L-arginine. Figure 6 also 
shows that the adhesion work decreases in the order of 
glass, acrylic, and fluoropolymer regardless of the 

Figure 4 Surface tension of 10 g L-1 of sodium alginate 
solution with 0.7 M of L-phenylalanine, L-alanine, L-
tryptophan, and L-arginine
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Figure 5 Contact angle of 10 g L-1 of sodium alginate 
solution with 0.7 M of L-phenylalanine, L-alanine, L-
tryptophan, and L-arginine on glass, acrylic and 
fluoropolymer.

Figure 6 Adhesion work of 10 g L-1 of sodium alginate 
solution with 0.7 M of L-phenylalanine, L-alanine, L-
tryptophan, and L-arginine on glass, acrylic and 
fluoropolymer.

solution type. These results indicate that the effect of 
surface tension on the adhesion work is large for acrylic, 
while the effect of contact angle on the adhesion work is 
large for glass and fluoropolymer when amino acids are 
added. 

1 min.             5 min.           20 min.            in air

Figure 7 Wetting behaviour of sodium alginate droplets 
(20 g L-1) on glass 1, 5, and 20 minutes after the droplet 
attached on each substrate in pure water or in air. 

1 min.             5 min.           20 min.            in air

Figure 8 Wetting behaviour of sodium alginate droplets 
(20 g L-1) on acrylic 1, 5, and 20 minutes after the droplet 
attached on each substrate in pure water or in air. 

1 min.             5 min.           20 min.            in air

Figure 9 Wetting behaviour of sodium alginate droplets 
(20 g L-1) on fluoropolymer 1, 5, and 20 minutes after the 
droplet attached on each substrate in pure water or in air. 

Figures 7-9 show the wetting behaviour of sodium 
alginate droplets (20 g L-1) on glass, acrylic, and 
fluoropolymer, respectively, 1, 5, and 20 minutes after 
the droplet attached on each substrate in pure water. The 
results in air are also shown in the figure for comparison. 
In water, the droplets spread over a wide area after a 
certain period of time for all three substrates. In contrast, 
the droplets shown on the right side of the figure were 
observed to be stable and did not spread over time in air. 
The speed of wetting differed depending on the type of 
substrate, and the speed was found to be faster for glass, 
acrylic, and fluoropolymer, in that order.

Figures 10-12 show the roll-off behaviour on glass, 
acrylic, fluoropolymer, respectively, of the droplet of (a) 
sodium alginate (20 g L-1) and (b) pure water as a 
function of roll-off angle. Volumes of all droplets are 40 
ml. The substrate was tilted by 5° per second. It was 
found that the droplets of pure water on any substrates 
rolled off when the substrate was tilted less than 50 
degrees, but the droplets of alginate on any substrates did 
not roll off even when the substrate was tilted up to 90 
degrees.

0°             10°             20°             25°            30°
(a) droplet of sodium alginate (20 g L-1)

0°             10°             20°             25°            30°
(b) droplet of pure water

Figure 10 Roll-off behaviour on glass of the droplet of 
(a) sodium alginate (20 g L-1) and (b) pure water as a 
function of roll-off angle. Volumes of all droplets are 40 
ml. The substrate was tilted by 5° per second.

( )))) ppppp ggggggg (( gggg

190



   

14th International Symposium on Advances in Technology Education
17-20 August 2021, Turku, Finland

0°             10°             40°             45°            50°
(a) droplet of sodium alginate (20 g L-1) 

0°             10°             40°             45°           50°
 (b) droplet of pure water

Figure 11 Roll-off behaviour on acrylic of the droplet of 
(a) sodium alginate (20 g L-1) and (b) pure water as a 
function of roll-off angle. Volumes of all droplets are 40 
ml. The substrate was tilted by 5° per second.

0°             10°             20°             25°            30°
(a) droplet of sodium alginate (20 g L-1) 

0°             10°             20°              25°           30°
 (b) droplet of pure water

Figure 12 Roll-off behaviour on fluoropolymer of the 
droplet of (a) sodium alginate (20 g L-1) and (b) pure 
water as a function of roll-off angle. Volumes of all 
droplets are 40 ml. The substrate was tilted by 5° per 
second.

The weight ratio of alkoxysilane 
oligomer containing methyl and 
phenyl functional groups (%)

Figure 13 Contact angle of pure water on poly-siloxane 
films formed on glass substrate as a function of the 
weight ratio of alkoxysilane oligomer containing methyl 
and phenyl functional groups. 3 types of hardener 
(hardener X, Y, Z) were used for hardening the poly-
siloxane films.  Volumes of all droplets are 30 ml.

Figures 13 shows the contact angle of pure water on 
poly-siloxane films formed on glass substrate as a 
function of the weight ratio of alkoxysilane oligomer 
containing methyl and phenyl functional groups. 3 types 
of hardener (hardener X, Y, Z) were used for hardening 
the poly-siloxane films. Volumes of all droplets are 30 

ml. The error bars show the standard deviation.It can be 
seen from the figure that the contact angle of pure water 
becomes larger with increasing the weight ratio of
alkoxysilane oligomer containing methyl and phenyl 
functional groups. It`s probably because the alkoxysilane 
oligomer containing methyl and phenyl functional group 
contains the phenyl functional group, which is 
hydrophobic. 

The weight ratio of alkoxysilane 
oligomer containing methyl and 
phenyl functional groups (%)

Figure 14 Roll-off angle of pure water on poly-siloxane 
films formed on glass substrate as a function of the 
weight ratio of alkoxysilane oligomer containing methyl 
and phenyl functional groups. 3 types of hardener 
(hardener X, Y, Z) were used for hardening the poly-
siloxane films. Volumes of all droplets are 30 ml. The 
substrate was tilted by 5° per second.  

Figures 14 shows the roll-off angle of pure water on 
poly-siloxane films formed on glass substrate as a 
function of the weight ratio of alkoxysilane oligomer 
containing methyl and phenyl functional groups.
Volumes of all droplets are 30 ml. The substrate was 
tilted by 5° per second. The error bars show the standard 
deviation. It can be seen from the figure that the roll-off 
angle of pure water becomes larger with increasing the 
weight ratio of alkoxysilane oligomer containing methyl 
and phenyl functional groups. 

Conclusions

In this study, we have investigated the wetting and 
roll-off behaviours of water or the solution simulating 
biofilms in air or in water on various substrates, such as 
glass, acrylic, fluoropolymer, and poly-siloxane films. 
The following conclusions were reached. 
1. The adhesion work of sodium alginate solution on 

the glass is larger than that on the acrylic.
2. The concentration of the sodium alginate solution 

has little effect on the adhesion work of sodium 
alginate solution. 

3. The addition of amino acids to a 10 g/L sodium 
alginate solution slightly decreases the surface 
tension. 

4. In water, the droplets of sodium alginate (20 g L-1) 
spread over a wide area after a certain period of 
time on glass, acrylic, or fluoropolymer. The speed 
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of wetting differed depending on the type of 
substrate, and the speed was found to be faster for 
glass, acrylic, and fluoropolymer, in that order. 

5. The droplets of pure water on any substrates rolled 
off when the substrate was tilted less than 50 
degrees, but the droplets of alginate on any 
substrates did not roll off even when the substrate 
was tilted up to 90 degrees. 

6. The contact angle of pure water on poly-siloxane 
films formed on glass substrate becomes larger with 
increasing the weight ratio of alkoxysilane 
oligomer containing methyl and phenyl functional 
groups. 

7. The roll-off angle of pure water on poly-siloxane 
films formed on glass substrate becomes larger with 
increasing the weight ratio of alkoxysilane 
oligomer containing methyl and phenyl functional 
groups. 
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Abstract 
 

Single ion-conducting polymers show efficient ion 
conduction because they have an ion transport 
number of almost 100 %. Therefore, single ion-
conducting polymers are garnering significant 
attention as a candidate material for solid polymer 
electrolytes in the field of secondary battery 
electrolyte materials. However, lithium ion 
conductivity is low because of the strong interaction 
between anions and cations (such as lithium ions) and 
high crystallinity. Additionally, physical strength of 
the electrolyte film is low, and thus difficult to handle 
as a membrane. Hence, it has not been put into 
practical use. In this study, we propose a composite 
electrolyte membrane (LiSTFSI-GO) of a single ion 
conducting polymer (LiSTFSI) and graphene oxide 
(GO) to improve the ion conductivity, film strength, 
and flexibility of the electrolyte membrane. The 
resistance value of the prepared composite electrolyte 
membrane was studied by AC impedance 
measurement, decomposition temperature by 
thermogravimetric measurement, and glass 
transition temperature by differential scanning 
calorimetry (DSC) measurements. The conductivity 
was calculated from the bulk resistance of AC 
impedance measurements. However, the conductivity 
could not be calculated for the electrolyte membrane 
composed of a single ion conducting polymer alone 
because the bulk resistance was too high. However, 
when GO was added, the conductivity was calculated 
under all conditions. The result with the highest 
conductivity was obtained when 5 % GO was added 
to the single ion conducting polymer. Additionally, 
DSC measurements were performed to investigate the 
cause of the increase in conductivity. The result 
indicated that the glass transition point (Tg) was 
observed at approximately 35 – 40 °C in all samples, 
and no difference in Tg was observed. In other words, 
the results suggested that the difference in 
conductivity is not due to the indirect effect of the 
added GO as a plasticizer, but due to the direct 
contribution of GO to lithium-ion conduction. 

Keywords: Graphene oxide (GO), Single ion 
conductivity, Solid polymer electrolyte (SPE), Secondary 
battery, Lithium-ion conduction 
 
Introduction 
 

Solid polymer electrolytes (SPEs) are promising 
materials in the field of secondary batteries because of 
their high energy density and safety. A single ion-
conducting polymer has an anion skeleton in the main 
chain and a cation as the free radical. This suggests that 
the anion is fixed to the main chain of the polymer and 
only the cation moves during the charge/discharge cycles. 
Therefore, theoretically, the cation transport number is 
100 %, i.e., ion conduction is completely efficient (Zhang, 
H. et al., 2017). This may lead to a breakthrough in the 
development of materials for secondary battery 
technology. However, there are disadvantages, such as 
low ionic conduction near room temperature and low 
physical strength. Nevertheless, various methods, such as 
the use of polymer blends (Pan, Q, et al., 2015), 
copolymers (Bouchet, R. et al., 2013), and hybrids with 
inorganic materials (Chereddy, S. et al., 2018), have been 
reported to overcome these disadvantages. However, 
they have not yet been put into practical use. 

Graphene oxide (GO) is a material in which various 
oxygen-containing functional groups, such as epoxy, 
carboxyl, carbonyl, and hydroxyl groups, are bonded to a 
monolayer of graphite. Recently, it was reported that 
these oxygen atoms contribute to ion conduction (Gao, Y. 
et al., 2019). This indicates that GO composite electrolyte 
materials could have interesting applications as polymer 
electrolytes. One advantage at the GO composite 
electrolyte film is that the mechanical strength of the GO 
composite electrolyte membrane drastically increases 
because of the toughness of the added graphene. 
Furthermore, as a filler, GO improves the ion conduction 
by decreasing the crystallinity of the polymer electrolyte. 
Therefore, GO composite electrolyte membranes are 
expected to be a promising material for practical use. 

In this study, we focus on polymers with 
trifluoromethanesulfonimide as the main chain and 
lithium ions as the counter cations (LiSTFSI). A novel 
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polymer electrolyte with single ion conduction was 
synthesized by compositing this type of polymer with GO
(LiSTFSI-GO). In this study, we report the synthesis of a 
LiSTFSI-GO film and the detailed physical properties of 
polymer electrolytes, such as lithium-ion conduction.

Materials and Methods

General procedures
Trifluoromethanesulfonimide monomer was 

purchased from Tosoh Finechem Corporation. Graphene 
oxide, Polyethylene oxide (PEO, Mw = 600,000), 
polyethylene glycol (PEG, Mw = 300) were purchased 
from Sigma-Aldrich. DMF was purchased from 
FUJIFILM Wako Pure Chemical Corporation. All 
reagents were used without purification. The 
electrochemical measurements of ionic conductivities 
were carried out on a Bio-Logic Sciences Instruments, 
VMP3 using AC impedance technique. The electrolyte 
films were sandwiched between a pair of stainless steel 
electrodes made by EC FRONTIER CO., LTD.. The 
measurements were performed in the temperature range 
from 30 to 90°C. The AC impedance spectra were 
recorded over the frequency range from 1 MHz to 100 
mHz. Thermogravimetric analysis was performed on a 
TA Instruments, Discovery TGA. Samples of average 
weight of approximately 2 mg were placed in a Pt pan 
and heated at a rate of 20°C min-1 from room temperature 
to 600°C under a flow of argon. The differential scanning 
calorimetric analysis were performed on a Hitachi, Ltd., 
DSC-7000X. Samples of average weight of 
approximately 3-5 mg was hermetically sealed in an 
aluminum pan. The sample was measured at a rate of 
10°C min-1 in the range of -40 to 100°C under nitrogen 
flow.

Preparation of LiSTFSI-GO film
Synthesis of the LiSTFSI was refer to the past report

(Feng, S. et al., 2013). LiSTFSI monomer(1.94 g, 6.04 
mmol), AIBN (9.9 mg, 0.06 mmol), and DMF (10 mL) 
were mixed in a Schlenk flask. The solutions were 
degassed and flushed with dry argon three times, 
hermetically sealed and were then heated at 60°C for 
overnight. The raw polymer was precipitated by pouring 
the solutions into a large volume of diethyl ether, the 
polymer was further purified two times. The gummy 
residue obtained was dried for 3 days under high vacuum, 
LiPSTFSI (1.67 g, yield 86 %) as a white solid. The 
synthesized LiSTFSI and GO were mixed in water, and 
the mixed solution was drop-cast onto a Teflon petri dish.
The drop-cast solution was dried at 45°C on the hot plate. 
And then, the film dried under reduced pressure at 60°C 
was obtained as a sample.

Results and Discussion

In this study, LiSTFSI-GO was prepared and the 
conductivity was measured. As shown in Figure 1, 
LiSTFSI-GO was obtained as a self-standing membrane.

Figure 1. Preparation of self-standing LiSTFSI-GO film.

Using these LiSTFSI-GO films as samples, the 
conductivity was measured using impedance 
measurements (Figure 2). The conductivity of LiSTFSI 
and GO are not shown in the graph because these 
conductivities could not be calculated owing to high bulk 
resistance. All samples were measured twice using the 
same sample. The first measurements were obtained 
when the cast films were measured immediately after 
mounting them on the conductivity measurement cell. 
The second measurements, which were performed 
without removing the samples after the first 
measurements, were obtained under the same conditions 
as the first measurements. In almost all measurements, 
the conductivity value of the second measurement was 
higher than that of the first measurement. When the 
temperature was raised to 90 °C during the first 
measurement, the adhesion between the LiSTFSI-GO 
film and electrodes increased. Furthermore, it is 
considered that the LiSTFSI-GO film was annealed 
during the first measurement, and the resistance was 
lower at the time of the second measurement.

By comparing the conductivity when the GO content 
was 5 %, 10 %, and 30 %, the result showed that the 
conductivity was the highest when the GO content was 
5 %. When the change in the conductivity with respect to 
the temperature change was compared (Arrhenius 
equation), the magnitudes of the slopes were different for 
10 % and 30 % GO content and for 5 % GO content. In 
other words, the result suggested that the ion conduction 
mechanism was different for the case of 5 % GO content 
and 10 % and 30 % GO content.
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Figure 2. Result of calculating the lithium-ion conduction 
of LiSTFSI-GO film from the resistance value of 
impedance measurement. Solid line: results of first 
measurement. Dotted line: results of secoond 
measurement.

Figure 3. Result of calculating the lithium-ion conduction 
of LiSTFSI-GO film containing PEO (PEG) from the 
resistance value of impedance measurement.
Solid line: results of first measurement
Dotted line: results of second measurement

PEO or PEG contributes to lithium-ion conduction in 
the SPEs. To improve the conductivity of the LiSTFSI-
GO composite electrolyte, PEO or PEG was added to 
LiSTFSI-GO, and the conductivity was measured (Figure 
3). The result indicated that when 10 % PEO (average 
molecular weight 600,000) was added, there was a slight 
change in conductivity. Additionally, when 10 % PEG 
(average molecular weight 300) was added, the 
conductivity decreased. An unexpected result was when 
the conductivity of LiSTFSI-GO film reduced when 
liquid PEG was added. It is possible that the miscibility 
between LiSTFSI-GO and PEG was poor, thereby 
resulting in phase separation. However, the investigation 
is still underway.

Thermal analysis by thermogravimetry (TG) and 
differential scanning calorimetry (DSC) measurements 
were performed to determine the ion conduction 
mechanism in LiSTFSI-GO (Figure 4). Three types of 
samples were measured: LiSTFSI only, LiSTFSI-GO 
(GO 10 %), and LiSTFSI-GO (GO 10 %) with 10 % PEG.

Figure 4. Results of thermal analysis. (a) TG 
measurements (b) DSC measurements
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The TG measurement results suggested that no 
decomposition behavior was observed below 100 °C; i.e., 
the sample was stable in the conductivity measurement 
range (30 – 90 °C). The DSC measurement results 
suggested that the glass transition temperature (Tg) was 
observed at approximately 35 – 40 °C in all samples. 
Initially, it was expected that the change in conductivity 
would be due to the difference in Tg. However, DSC 
measurements suggested that the difference in 
conductivity was not due to Tg, and another factor could 
be considered. We will consider this in detail in the future. 
 
Conclusions 
 

In this study, the ion conductivity of LiSTFSI-GO, 
which is a composite electrolyte film of a single ion 
conducting polymer and GO, was investigated. The 
results suggested that the conductivity improved 
significantly when GO was added as compared to 
LiSTFSI alone. The conductivity was highest when the 
GO content was 5 %. Furthermore, the conductivity was 
approximately 40 times higher when measured at 90 °C 
than when the GO content was 10 % or 30 %. 
Additionally, when PEO (PEG) was added to LiSTFSI-
GO, the conductivity was lower than that without the 
addition of PEO (PEG). In other words, the results 
suggested that the added PEO (PEG) became resistant. 

The results of the thermal analysis (TG and DSC) 
showed that there was no significant change in the Tg 
value of each sample. It is possible that the improvement 
in conductivity was not due to the plasticizer effect of 
adding GO, but rather due to the contribution of GO to 
lithium-ion conduction. The detailed mechanism is 
currently under investigation. In the future, we aim to 
further improve the conductivity of LiSTFSI-GO for 
social implementation. 
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Abstract 
Reducing friction is important to develop mechanical 
systems with high energy efficiency and long lifetime. 
Since human joints with gel-like structure show low 
friction for several decades, gel materials are known 
to be useful for developing low frictional materials. 
Double network ion gels (DN ion gel) composed of 
hard but brittle 1st network, soft 2nd network and ionic 
liquids possess high mechanical strength and low 
friction under high temperature or vacuum are one of 
candidates for robust lubricant gels. For their 
industrial application, development of one pot 
synthesis process is effective due to its simplicity and 
low cost, opening up the way to form thin film coating 
of gel lubricants. However, radical polymerization of 
1st and 2nd network at same time results in formation 
of random polymer to lose characteristics of DN ion 
gels. In this study, we examined one pot synthesis of 
DN ion gels by combining polycondensation and 
radical polymerization to develop simple and facile 
fabrication process for gel lubricant coating. 
  Tetraethoxysilane (TEOS) and methylmethacrylate 
(MMA) were chosen as a 1st and 2nd monomer of a DN 
ion gel, respectively. 1-Butyl-3-methylimidazolium 
triflate (BMIm-Otf) was chosen as swelling agent of a 
DN ion gel due to its compatibility for both network. 
Polycondensation of TEOS progressed with oxalic 
acid as a catalyst. Radicial polymerization of MMA 
progressed with azobis(isobutyronitrile and 
triethyleneglycol dimethacrylate as an initiator and 
cross linker, respectively. The mixed solution of these 
reagents was poured into the 2 mm thick reaction cell 
by using an injection syringe under argon atmosphere. 
It was heated at 50 C for 24 hours to obtain DN ion 
gel.   
  From thermogravimetry analysis, vacuum heating 
was effective to promote polymerization of gel 
network. Obtained DN ion gel didn’t showed any 
fracture under maximum stress of our device (32 
MPa), which is higher than the fracture stress of 
conventional ion gels. As obtained onepot synthesis 
method can be applied for thin gel film, obtained DN 
gel is expected to be applied for gel lubricant under 
harsh condition like heat or vacuum, which is difficult 
for conventional DN hydrogels. 

 
Keywords: double network gel, ionic liquid, one pot 
synthesis 
 
Introduction  
  Reducing friction is important to develop mechanical 
systems with high energy efficiency and long lifetime. 
Since human joints with gel-like structure show low 
friction for several decades, gel materials are expected as 
a candidate for low frictional materials (Holmbeg et al., 
2012). Double network hydrogels (DN hydrogels) 
composed of hard but brittle 1st network and ductile 
2nd network possess high water content (>80 wt%) , high 
mechanical strength and low frictional properties, which 
is a candidate for strong but lubricious soft materials (e.g. 
Kaneko et al.,2005). Such properties are useful as 
lubricant gels such as artificial joints or vessels in human 
body where gels can obtain enough amount of water. 
However, hydrogels are easily dried under heat, vacuum 
or long time exposure, which have been a task to 
overcome for industrial usage.   

Recently, our research group have develped DN ion 
gles incorporating ionic liquids as swelling agent 
(Arafune et al., 2017). Ionic liquids (ILs) are liquid salts 
wholly composed of anions and cations whose melting 
temperature is lower than 100 C. Because ILs possess 
high thermal stability and negligible volatility, DN ion 
gels can maintain lubricious surface under high 
temperature (80 C) or vacuum (2.4x10-4 Pa).Thus, DN 
ion gels are expected as robust lubricant gel materials 
under harsh condition where DN hydrogel cannnot be 
applied. Instead of these advantages, fabrication process 
of DN ion gels is complex and time-consuming because 
we adopted conventional stepwise photoradical 
polymerization. In addition, stepwise polymerization of 
DN gels include swelling process of brittle 1st gel 
network. This process prevent to achieve thin film 
fabriction of DN gels because brittle first network 
collapsed by extension by immdiate swelling caused by 
rapid diffusion of swelling agents (Wu et al., 2011).  

For their industrial application, development of one 
pot synthesis process is effective due to its simplicity and 
low cost, opening up the way to form thin film coating of 
gel lubricants. However, radical polymerization of 1st and 
2nd network at same time results in formation of random 
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polymer to lose characteristics of DN ion gels. In this 
study, we examined one pot synthesis of DN ion gels by 
combining polycondensation and radical polymerization 
to develop simple and facile fabrication process for gel 
lubricant coating. 

 
Materials and Methods   

DN ion gel was synthesized by onepot synthesis 
combining polycondensation of 1st network and radical 
polymerization of 2nd network. Tetraethoxysilane 
(TEOS) and methylmethacrylate (MMA) were chosen as 
a 1st and 2nd monomer of a DN ion gel, respectively. 1-
Butyl-3-methylimidazolium triflate (BMIm-Otf) was 
chosen as polymerization solvent and swelling agent of a 
DN ion gel due to its compatibility for both network. 
Polycondensation of TEOS progressed with oxalic acid 
as a catalyst. Radicial polymerization of MMA 
progressed with azobis(isobutyronitrile (AIBN) and 
triethyleneglycol dimethacrylate (TEGDMA) as an 
initiator and cross linker, respectively. Typically, the 
mixed solution of oxalic acid (0.35g), water (0.02 g), 
BMIm-Otf (0.5 g), TEOS (0.098g),  MMA (0.8 g), 
azobis-isobutylyronitrile  (0.021 g), TEGDMA (0.0087 
g) was poured into the 2 mm thick reaction cell by using 
an injection syringe under argon atmosphere. Then, it 
was heated at 50 C for 24 hours (DNIG-50)  to promote 
polycondensation and radical polymerization of gel 
networks, then followed by vacuum heating at 50 C for 
24 hours (DNIG-50-V) 

The mechanical properties of obtained DN ion gels was 
examined by compressive stress-strain test by using a 
universal testing system (Instron 3342, Instron)  The 
cylindrical samples of 3 mm diameter and 2 mm 
thickness of a gel sample was set on the lower anvil, and 
the upper anvil was compressed at 10% strain/min. The 
thermogravimetry analysis (TGA) was performed to 
examine thermal properties of DN ion gels by using a 
TGA system (TG8120, Rigaku Co.) under a nitrogen 
atmosphere to measure the weight loss from room 
temperature to 500 C with a heat rate of 10 C /min. 
 
Results and Discussion 
1. Effect of heat temperature on a gel formation 
Figure 1 and 2 show TGA curve of DNIG-50 and 
derivative of TG curve of DNIG-50, oxalic acid and 
BMIm-Otf normalized by peak value of each curves, 
respectively. Sample showed 25% weight loss in 100-
200 C, indicating the thermal decomposition of oxalic 
acid or water and ethanol from residual TEOS.   
Polycondensation of TEOS with acid catalyst starts from 
hydrolysis of ethoxy group (Si-OEt) to form silanol 
group (Si-OH), and then dehydration condensation of 
silanol proceeds to form siloxane bonding (Si-O-Si). 
Thus, polycondensation of TEOS generate EtOH and 
water as by-product. Broad peak from 30-200 C of 
DNIG-50 in Figure 2 compared with that of oxalic acid 
indicates that not only thermal decomposition of oxalic 
acid but that of water and ethanol from residual TEOS 
were included in this temperature range. Secondary 

weight loss from 300 C and 400 C were attributed to the 
thermal decomposition of PMMA and BMI-Otf, where 
PMMA in IL was thermally stable compared with bulk 
PMMA.  

 
Figure 1 TG curve of DNIG-50 

 

 
Fig. 2 Normalized DTG curves of DN ion gel(triangle), 

oxalic acid(square) and BMI-Otf(circle)  
 

2. Effect of vacuum heating on a gel formation 
   We next examined the vacuum heating to promote 
polycondensation of TEOS. Figure 3 shows TGA curves 
of DNIG-50 and DNIG-50-V. Weight loss at 100-200 C 
was clearly decreased after vacuum heating, indicating 
that vacuum promoted the polycondensation of TEOS by 
removing volatile water and ethanol to shift chemical 
equilibrium. 

 
Figure 3 TG curves of DNIG-50 (black line) and DNIG-

50-V (red line) 
Figure 4 shows the stress-strain curves of DNIG-50 

and DNIG-50-V. DNIG-50-V showed high mechanical 
strength, which sustained a compressive stress of more 
than 35 MPa, reached to the maximum value of our 
deviec. It also showed high elasticity which restored 
quickly after compression. In contrast, DNIG-50 showed 
low elasticity and compressive fracture stress (20 MPa). 
Additionally, it showed yield point at 6 MPa with 80% 
strain. As DNIG-50 showed crack in the central part 
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inside gel, such difference are supposed to be insufficient 
polymerization of TEOS network. 

It should be noted that compressive fracture stress was 
higher than that of conventional ion gels. Fujii et al 
(2012) fabricated a tetra-poly(ethylene glycol) gels 
combined with ionic liquids ethylmethylimidazolium 
bis(trifluoromethylsulfonylimide) (C2C1Im-TFSI).  This  
ion  gel  showed  a  high  mechanical strength of 20 MPa, 
due  to  its  homogeneous  network  structure  synthesized  
from the  symmetrical  structure  of  tetra-arm  PEG  
macromers.  Kamio et al. (2017) have developed DN ion 
gel combining TEOS, dimethylacrylamide and amino 
acid based ionic liquid, which sustain more than 28 MPa 
of compressive fracture stress. As obtained onepot 
synthesis method can be applied for thin gel film, 
obtained DN gel is expected to be applied for gel 
lubricant under harsh condition like heat or vacuum, 
which is difficult for conventional DN hydrogels.  

 
Figure 4 Compressive stress-strain curves of DNIG-

50 (black line) and DNIG-50-V (red line) 
 

Conclusions 
  We applied onepot synthesis combining 
polycondensation and radical polymerization to develop 
fast and effective way to form DN ion gel. Vacuum 
heating was effective to promote polycondensation of gel 
network. Obtained DN ion gel with onepot synthesis 
showed high mechanical strength and quick restoration 
compared with conventional DN ion gel obtained from 
stepwise radical polymerization. As onepot synthesis is 
effective to form thin film coating of DN ion gel, 
obtained DN ion gel is expected to be applied for gel 
lubricant under harsh condition like heat or vacuum, 
which is difficult for conventional DN hydrogels. 
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Abstract 
 

The cohesive powder is widely used in various 
industries such as material production and 
pharmaceutical development. Recently, functional 
materials such as ceramic powder have been 
produced in the engineering fields of semiconductors, 
automobiles, and medical fields, and then the 
handling of cohesive powders is increasing in these 
processes. However, the handling of cohesive powder 
is extremely difficult by the influence of cohesive force 
which is relatively strong against the gravity force 
when the particle diameter is decreased. Especially, 
the steady powder discharge is very important in 
these powder handling processes. Therefore, the 
purpose of this study is to achieve a steady powder 
discharge for cohesive powder.  

We have experimentally investigated the 
characteristics of powder discharge using vibrating 
fluidization. The particle used is the alumina powder 
that has a mean particle size of 2.9 m and particle 
density of 3808 kg/m3. This powder belongs to the C 
particle in the classification of the Geldart diagram. 
That means the fluidization is extremely difficult to 
the powder in the classification of the diagram. For 
this reason, the vertical vibration was applied 
simultaneously to obtain the fluidization of the 
cohesive powder.  

The experimental apparatus consists of the 
vibrating fluidization vessel, the air distributor at the 
bottom of the vessel, the venturi feeder above the 
fluidizing vessel, the powder discharge tube, and the 
cyclone of collecting powder. The fluidizing vessel has 
an inner diameter of 50 mm and a height of 300 mm. 
The polyurethane tube of the inner diameter of 4.32 
mm is connected between the feeder and the cyclone 
for particle discharge. As the experimental condition, 
the supplying air velocity of feeder ut=3.03 m/s and 
the vibration strength =8.18 were fixed and the 
fluidizing velocity to powder bed was changed.  

The result obtained that good fluidization of 
cohesive powder was achieved when the fluidization 

velocity was increased. Then, it is found the powder 
was also dispersed in the vessel, and the discharge 
mass of powder against the time took a linear profile. 
It means the steady powder discharge was obtained 
by using this system. Besides, the mass flow rate of 
powder was related to the increased fluizing velocity. 
 
Keywords: Cohesive powder, Vibrating fluidization, 
Dispersion, Powder discharge, Fluidizing air velocity 
 
Introduction 
 

Currently, ceramics are widely used from structural 
materials to various functional materials because ceramic 
products have excellent heat resistance, corrosion 
resistance, and wear resistance (e.g., Naito, 2011). In 
recent years, ceramic materials with particle sizes from 
micron size to nano-size have been developed and used 
in various products such as semiconductors, automobiles, 
and medical fields.  

However, when handling micron-sized particles in a 
gas, it is well known that the particles form agglomerates 
due to the influence of cohesive force, making it difficult 
to handle and control the powder. The reason is that as 
the particle size becomes smaller, the cohesive force 
increases relative to the gravity acting on the particles 
(e.g., J. Soc. Powder Technol., Japan Eds., 2006). 

Generally, particles are treated as aggregates, that is, 
powders, and are handled in liquids and gases. While the 
operation in the liquid requires a drying process and the 
treatment of the liquid used, the operation in gas has the 
advantage that it can be used without changing the 
composition of the material. For this reason, powder 
handling in a gas in which the composition of the material 
does not change is required at the production site. In 
particular, the development of technology for stable 
handling and quantitative discharge of micron-sized 
powder, which is greatly affected by cohesive force, in 
gas is very important because it can be applied in various 
production processes.  

From the above background, this research focuses on 
the elucidation of the dispersion and stable discharge 
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characteristics of micron-sized cohesive ceramic powder. 
Additionally, it is considered that the vertical vibrating 
fluidization operation is applied at the stable supply of 
the cohesive powder to the HVAF spraying device 
(Mitani, 2012 & 2015). As the powder used, alumina 
powder classified into Group C in the Geldart diagram 
(Geldart, 1973) was used. 

As experimental conditions, the vibration intensity in 
the vertical direction and the secondary air velocity to the 
powder feeder were made constant, and the fluidized air 
velocity to the bottom of the powder bed was changed. In 
this paper, we report the results obtained for the 
fluidization characteristics, powder dispersion state, and 
powder discharge characteristics of the powder bed 
during vertical vibrating fluidization. 
 
Experiment   

Figure 1 shows the outline of the experimental 
apparatus. The apparatus consists of a powder dispersion 
vessel, a venturi-type powder feeder, and a powder 
receiving part of a cyclone and a tank. The powder 
dispersion vessel was an acrylic cylindrical vessel with 
an inner diameter of 50 mm, a height of 300 mm. The 
polyurethane tube with an inner diameter of 4.23 mm was 
used for the transportation of the powder in the system. 
A porous membrane was installed at the bottom of the 
dispersion vessel to supply uniform air for fluidization. 
Additionally, two vibration motors were connected to the 
bottom of the dispersion vessel for giving vertical 
vibration. A venturi-type feeder was installed above the 
powder dispersion vessel, where the secondary air sent 
from the upstream side of the feeder for the powder 
transportation. The transported powder was collected at 
a cyclone and receiving tank with a bug filter. 

In this study, a fluidization experiment and powder 
discharge experiment was conducted. It adopted a de-
fluidization experiment, which is said to be less 
susceptible to intermolecular forces as well as Mawatari 
(2002). The pressure drop of the powder bed P was 
estimated as the difference of the air pressure with and 
without powder in a dispersion vessel.  

 

 
Figure 1 Experimental apparatus 

 

The fluidization characteristics were evaluated from 
the pressure drop and the fluidization state of the powder 
bed in the dispersion vessel when the fluidization air 
velocity to the vessel was reduced. A digital video 
camera was used to visualize the fluidized state.  

As the experimental conditions for the vibrating 
fluidization, the fluidized air velocity at the bottom of the 
dispersion vessel ub was from 1.70×10-3 m/s to 55.02×10-

3 m/s. Also, the secondary air velocity on the upstream 
side of the venturi type feeder ut was 3.03 m/s, and the 
vibration intensity  was 8.18. The vibration intensity 
was calculated by the measured vibration amplitude, 
gravitational acceleration and the frequency of 60 Hz. In 
this study,  was fixed as 8.18 to obtain a good 
fluidization state. 

In the powder discharge experiment, the particle mass 
per minute was measured to estimate the mass flow rate 
of powder Gs. The precision electric balance was used to 
measure the particle mass Mp at the elapsed time T in the 
experiment.  

Regards with the experimental conditions for the 
powder discharge experiment using vibrating fluidization, 
the experiment was conducted with fluidized air velocity 
that enables powder discharge. The velocity ub was from 
0.068 m/s to 0.510 m/s. The secondary air velocity and 
the vibration intensity were the same as the case of the 
fluidization experiment. The alumina powder used in 
these experiments has an average particle size of 2.92 μm, 
a true density of 3808 kg/m3, and an initial filling mass 
of powder of 100 g.  
 
Results and Discussion 

 
Vibrating fluidization characteristics 

 The alumina powder used in this study belongs to the 
Geldart C particle. Generally, the Geldart C particle has 
a poorly flowability by high cohesiveness. It is therefore 
necessary to confirm the fluidization state in the vibrating 
fluidization. Figure 2 shows the relationship between the 
pressure drop P inside the powder bed and the fluidized 
air velocity ub when =8.18. In the experiment, the 
powder bed was vibrated and fluidized for 5 minutes at a 
fluidized air velocity of ub=0.051 m/s, and then the air 
velocity was gradually reduced from the fluidized air 
velocity at the start of measurement us=0.047 m/s. From 
the figure, when the fluidized air velocity was decreased, 
the pressure drop increased and took the maximum value 
at any fluidized air velocity.  

It is speculated that this is because the powder bed 
formed a stirring and an expanding state from the 
fluidized state as the fluidized air velocity decreased. 
Afterwards, as the fluidized air velocity decreased more, 
the pressure drop also decreased, and the state of the 
powder bed became close to that of the fixed bed. 

Figure 3 shows the relation of the dimensionless 
pressure drop P/ Pi and the dimensionless fluidized air 
velocity ub/uc when =8.18, the fluidized air velocity at 
the start of measurement us was changed. The procedure 
was the same as the reported for the vibrated fluidization 
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for adhesive fine particles by Mawatari (2005). Here, the 
critical fluidized air velocity uc is defined as the fluidized 
air velocity at which the maximum pressure drop of the 
pressure drop curve in Figure 2, and Pi is the initial 
pressure drop which estimated by the gravity force of the 
initial filling of the powder bed and the cross-sectional 
area. 

From the figure, P/ Pi increased sharply as ub/uc
decreased, regardless of the fluidized air velocity at the 
start of measurement. Also, P/ Pi has a peak value at 
all experimental conditions near ub/uc=1. Afterwards, 

P/ Pi decreased gradually with decreasing the 
fluidizing velocity. Regarding the reduction of pressure 
drop when ub/uc was over 1, it is inferred that the inter-
particle and particle-wall forces were reduced by applied 
the vertical vibration and fluidizing air. At this time, it is 
considered that the powder bed is transferred from the 
fixed bed to the fluidized bed.

From the above results, it is necessary to confirm the 
state of the powder bed in a powder dispersion vessel by 
the applied vibrating fluidization. Figure 4 shows the 
transition of the state of the powder bed due to the 
decrease in the fluidized air velocity ub at the bottom of 
the dispersion vessel in the present experimental 
conditions as a schematic diagram. The evaluation 
criteria for the flow state in the figure are as follows. 
When the fluidized air velocity was low, the bed 
expansion has appeared as the diagram (I). Afterwards, it 
was observed the fluidized bed in case of the increased 
air velocity of the diagram (II). Finally, the powder bed 
was fluidized well, and then the particle could be 
dispersed and transported upward.

Powder discharge characteristics
Figure 5 shows the relationship between the discharge 

mass of the powder Mp and the elapsed time T when 
=8.18 and the fluidized air velocity ub was changed. As 

above mentioned, the velocity ub was from 0.068 m/s to 
0.510 m/s. The result shows that the powder could not 
transport almost with the lower fluidizing velocity in the 
present experimental condition. This is because the 
powder bed in a dispersion vessel did not obtain well 
fluidization state. When the fluidized air velocity is 
increased, the discharge mass of the powder also 
increased gradually as ub=0.127-0.17 m/s. Furthermore, 
the discharge mass of the powder increased drastically 
with increasing the fluidized air velocity, and then the 
flow pattern of the powder bed became in the state of the 
dispersion bed as shown in Figure 4 (III). In addition, it 
seems that the profiles of the discharge mass of the 
powder indicated almost linearly with the elapsed time.
This means that the steady transport of powder was 
realized in this system.

Figure 6 shows the results of the mass flow rate of the 
powder Gs when =8.18 and the fluidized air velocity ub
was changed. Here, the mass flow rate of the powder was 
averaged for 5 minutes by the amount of increase in the 
mass of the powder per minute. From the figure, when
the vibration intensity was constant, the amount of mass 

flow rate of the powder was increased as the increasing 
fluidized air velocity. It is thought that this is because the 
powder was dispersed and transported well in the 
experimental condition of the increased fluidizing air 
velocity.

Figure 2 Relationship between pressure drop of powder 
bed and fluidizing air velocity where vibration 
strength was changed

Figure 3 Relationship between dimensionless pressure
drop and dimensionless fluidizing velocity
where vibration strength =8.18

Figure 4 Typical flow pattern by vibrating fluidization
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Figure 5 Discharge mass of powder against elapsed time

Figure 6 Relationship between mass flow rate and 
fluidizing velocity at the bottom of dispersion 
vessel

Figure 7 Relationship between average particle size and 
fluidizing velocity at the bottom of dispersion 
vessel

Figure 7 shows the relationship between the particles 
size and the fluidizing air velocity when =8.18. The 
average particle size is about 3 to 4 m. As described in 
the experimental condition, the average particle size of 

the alumina powder used in this study is 2.92 m.
Compared with this value, it is considered that the 
alumina powder is supplied while being dispersed by the 
vibrating fluidization.

Conclusions

In this study, we experimentally investigated the 
vibrating fluidization characteristics and the powder 
discharge characteristics of alumina powder. The results 
obtained are shown below.
(1) It was confirmed that alumina powder who is 
belonging to Group C particles in the Geldart diagram
could be fluidized well by the applied vibrating 
fluidization in the present study when the fluidized air 
velocity was exceeded the critical fluidizing velocity.
Then, the dimensionless pressure drop was also 
decreased greatly because the inter-particle force and the 
particle-wall force on the powder bed in a dispersion 
vessel were reduced with an external force based on the 
vibrating fluidization. In addition, it was found that the 
state of the powder bed such as the fluidization and the 
dispersion has appeared with increasing fluidized air 
velocity.
(2) From the powder discharge experiment, it was 
indicated that the steady discharge of alumina powder 
was realized by using vertical vibration and fluidization 
operation. Then, the mass flow rate of the powder 
increased with increasing the fluidized air velocity. It was 
found that the fluidizing velocity to supply to the bottom 
of the powder bed influenced strongly the discharge and 
the transport of cohesive powder.
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Abstract 
 

As functional engineering materials, ultra-high-
strength steel sheets and aluminium alloy sheets are 
effective for lightweight sheet materials in the 
automobile body parts. To increase the application of 
these materials for the parts, the development of 
joining methods for joining the ultra-high-strength 
steel and aluminium alloy sheets is attractive. In 
addition, not only joining two sheets, but also joining 
of three sheets is desired for improving the body 
structure. In this study, a cold joining process of two 
ultra-high-strength steel and one aluminium alloy 
sheets using a pre-punched middle sheet was 
developed. The thicknesses of the sheets were 1 mm 
each, and the sheet configuration was two ultra-high-
strength steel and one aluminium alloy sheets for 
assuming the structure and roof panels. This sheet 
configuration was not easy to join by conventional 
mechanical clinching because of the low ductility of 
the ultra-high-strength steel sheets. In the joining 
process of three sheets using the pre-punched middle 
sheet, the sheets are joined by formation of an 
interlock between the upper and lower sheets in the 
hole of the middle sheet the using the high ductility of 
the lower aluminium alloy sheet. The lower sheet 
bottom joined by this process has a flat, whereas the 
bottom joined by the conventional mechanical 
clinching protrudes. Because these sheets are 
generally stamped including punching before the 
joining process, the punching the middle sheet is 
possible in the stamping process. The effect of the hole 
diameter in the pre-punched middle sheet was 
investigated and the joint strength was measured. 
Finally, the two 980 MPa ultra-high-strength steel 
and one 5000 series aluminium alloy sheets were 
successfully joined using the joining process using the 
pre-punched middle sheet with the optimum hole 
diameter. It is found that the joining process of three 
sheets using the pre-punched middle sheet was 
effective for joining two ultra-high-strength steel and 
one aluminium alloy sheets. 
 
Keywords: Joining, mechanical joining, three sheets, 
ultra-high-strength steel sheets, aluminium alloy sheets  

Introduction 
 

As functional engineering materials in automobile 
body parts, high-strength steel sheets, ultra-high-strength 
steel sheets and aluminium alloy sheets are effective. The 
thin high-strength steel sheets having the tensile strength 
up to 780 MPa and aluminium alloy sheets tend to use as 
lightweight sheet materials. The ultra-high-strength steel 
sheets having the tensile strength over 780 MPa and high-
strength steel sheets tend to use as impact protection 
materials. These sheets usually are stamped and 
assembled to the automobile body parts. In the steel body 
parts, the properties of steel sheets are designed for the 
required strength and ductility in the final products 
including the stamping ability and joining ability with 
steel sheets. However, the some steel parts are replaced 
to aluminium alloy parts, the joining of steel and 
aluminium alloy sheets is required.  

In the steel sheets, resistance spot welding is used for 
overlap joints. The joining of steel and aluminium alloy 
sheets by resistance spot welding is not easy because of 
the different melting points of the materials, the 
intermetallic layer in the interface and the oxidation layer 
of aluminium (Watanabe, 2005). Although friction stir 
welding with a lower temperature process is possible to 
join the aluminium alloy and steel sheets, the tool is only 
possible to stir in the aluminium alloy side. Therefore, the 
mechanical fastening such self-pierce riveting, flow drill 
screwdriving and mechanical clinching tends to use in the 
actual joining process (Sakiyama et al., 2013). 

The high joint strength tends to obtain by uses of a 
rivet and a screw, whereas the joining costs of rivets and 
screws increase (Varis, 2006). Although the joint 
strength of mechanical clinched sheets without rivets is 
usually lower (Abe et al., 2020), the joining cost in the 
mechanical clinching is lower because the sheets are 
joined without rivets. In the automobile body parts, not 
only two sheets but also three sheets are joined. The self-
pierce riveting (Han et al., 2006) and mechanical 
clinching (Kaðèák et al., 2017) are possible. The joining 
abilities of a sheet configuration of two ultra-high-
strength steel and one aluminium alloy sheets for 
assuming the structure and roof panels are investigated 
by self-pierce riveting and mechanical clinching, and 
then one aluminium alloy and two ultra-high-strength 
steel, was possible to join by conventional mechanical 

204



      
 

 
14th International Symposium on Advances in Technology Education 
17-20 August 2021, Turku, Finland 
 

clinching and self-pierce riveting (Abe et al., 2020). 
However, joining of two ultra-high-strength steel and one 
aluminium alloy sheets was difficult by mechanical 
clinching. To reduce the joining cost, the development of 
mechanical fastening for two ultra-high-strength steel 
and one aluminium alloy sheets without rivets is 
required.  

In this study, a cold joining process of two ultra-high-
strength steel and one aluminium alloy sheets using a pre-
punched middle sheet was developed. The effect of the 
hole diameter of middle sheet on the material flow was 
investigated. And then, the joint strength was measured.  
 
Mechanical Joining of Three Sheets Using Pre-
Punched Middle Sheet 
 

There are many sheet configurations in the joints of 
automobile body parts (Martin et al., 2020). In this study, 
the structure and roof panels were selected as shown in 
Figure 1. The thicknesses of the sheets were 1 mm each, 
and the sheet configuration was two ultra-high-strength 
steel and one aluminium alloy sheets for assuming the 
structure and roof panels. Abe et al. (2020) showed the 
opposite sheet configuration, one aluminium alloy and 
two ultra-high-strength steel, was possible to join by 
conventional mechanical clinching and self-pierce 
riveting. However, joining of the sheet configuration of 
two ultra-high-strength steel and one aluminium alloy 
sheets is difficult. In addition, the bottom of joint by the 
conventional mechanical clinching and self-pierce 
riveting protrudes, thus the bottom is not flat.  

 

 
Figure 1 An example of joining of three sheets in 
automobile body parts. 

 
Mechanical joining of three sheets using the pre-

punched middle sheet is shown in Figure 2. This process 
consists of the punching and joining stages. In the 
punching stage, a sheet for the middle sheet was punched 
to form a hole having a diameter d by a pair of a punch 
and a die. In the joining stage, the three sheets set on an 
anvil under holding by a sheetholder were formed by a 
punch. The material of the upper sheet flows the lower 
sheet through the hole in the middle sheet. The 
compressed material of the lower sheet flows into the 
cavity between the outer upper sheet and the hole. 
Finally, the mechanical interlock between the upper and 
lower sheets are formed, thus, three sheets are joined. In 
the deformed shape of the cross section, the interlock, the 
lower neck thickness tu and the upper neck thickness tu 
are formed. Although the bottom protrudes joined by the 
conventional mechanical clinching process, the lower 
sheet bottom joined by this process is flat.  

 

 
Figure 2 Mechanical joining of three sheets using pre-
punched middle sheet for two ultra-high-strength steel 
and one aluminium alloy sheets. 

 
In mechanical joining of three sheets using the pre-

punched middle sheet under the sheet configuration, the 
process parameters are the punch shape, the punch stroke 
and the diameter of middle sheet. In this study, the shape 
of the punch is same in the mechanical clinching process 
(Abe et al. 2020). Although the long punch stroke is 
required to increase the material flow, the maximum 
stroke is given by the allowance compressive load of the 
punch. The effect of the hole diameter on the material 
flow in mechanical joining of three sheets using the pre-
punched middle sheet is shown in Figure 3. In the small 
hole diameter, necking occurs because of the severe 
deformation of the upper sheet. In the excessive hole 
diameter, the interlock is not formed because of the 
insufficient material flow to the large cavity.       

 

 
Figure 3  Effect of hole diameter on material flow in 
mechanical joining of three sheets using pre-punched 
middle sheet. 

 
The mechanical joining conditions of three sheets 

using the pre-punched middle sheet are shown in Figure 
4. In the punching stage, the ultra-high-strength steel 
sheet for the middle sheet was punched by a pair of a 
punch and a die. The diameter of the punch d was 5.5 to 
7.5 mm to find joining the three sheets without defects. 
The clearance between the punch and die is d + 0.1 mm, 
thus the clearance ratio of the clearance and thickness 
was 10%. In the joining stage, the sheets were set on the 
anvil, and then the punch travelled into the sheets up to 
65 kN.  
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Figure 4  Mechanical joining conditions of three sheets 
using pre-punched middle sheet.

The material properties of the sheets are shown in 
Table 1. The properties were measured by a uni-axial 
tension test. The 980 MPa steel sheet has the high 
strength and low ductility.

Table 1 Material properties of sheets.

Sheet Thickness
[mm]

Tensile 
strength 
[MPa]

Elongation
[%]

980 MPa
steel 1.0 1002 14

A5052 1.0 275 25

The deformed shapes of the sheets were calculated by 
a finite element simulation. The finite element simulation 
code was the commercial finite element code LS-DYNA 
and JVISION (JSOL Corp., Tokyo, Japan). In the 
simulation, an axisymmetric deformation model was 
used. The sheets and tools were elastic-plastic and rigid 
bodies, respectively. The flow stresses of the sheets were 
used in Table 1. The frictional condition was assumed as 
coulomb friction, the frictional coefficient was 0.2 
equivalent to the contact without lubrication. The 
adaptive remeshing for the elements of the sheets was 
automatically performed, and fracture criteria was not 
used. 

Joined Three Sheets

The effect of the hole diameter on the calculated 
interlock and neck thicknesses is shown in Figure 5. The 
upper and lower neck thicknesses increase with 
increasing of the hole diameter because of the large 
cavity. In the experiment, fracture may occur by severe 
thinning in the upper neck portion. On the other hand, the 
interlock is formed from d = 6 to 7 mm, has a peak at d = 
6 mm.  

Figure 5  Effect of hole diameter on calculated interlock 
and neck thicknesses.

Figure 6  Deforming behaviours of sheets in joining for 
d = 6.5 mm.

In the calculation, the sheets were joined without 
defects for d = 6 to 7 mm. The deforming behaviours of 
sheets in the joining experiment for d = 6.5 mm are 
shown in Figure 6. After 2 mm in stroke, the interlock 
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increases with increasing of the stroke. The sheets are 
joined without defects in the experiment. 

The cross-sectional shapes of the formed sheets are 
shown in Figure 7. In the small hole diameter, the 
fracture occurs in the upper neck portion because of the 
severe deformation. In the excessive hole diameter, the 
interlock is not formed because of the insufficient 
material flow to the large cavity. It seems that the punch 
was out of alignment with the hole. In d = 6.5 mm, the 
sheets are joined without defects. 

Figure 7  Cross-sectional shapes of formed sheets.

Figure 8  Measurement of joint strength of sheets.  

Joint Strength of Joined Sheets

The joint strength was measured by the tension-
shearing and cross-tension tests. These tests are generally 
used for the measurement of the welded joint strength. 
The tension-shearing and cross-tension tests are shown in 

Figure 8. Because the three sheets were joined, the loads 
of the configurations including the lower aluminium 
alloy sheet were measured. 

The tension-shearing loads of joints are shown in 
Figure 9. The fracture occurs around the neck thickness 
of aluminium alloy sheet in both the load positions. The 
load of welded two aluminium sheets for the JIS class B 
(average) is also shown. The maximum load for the load 
position of the middle and lower sheets is higher than 
those for the load position of the upper and lower sheets 
and the JIS class B.

Figure 9  Tension-shearing loads of joints.

The cross-tension loads of joints are shown in Figure 
10. The fracture occurs around the neck thickness of 
aluminium alloy sheet in both the load positions. The 
maximum loads for both the load positions are similar, 
and are smaller than those in the tension-shearing test. 

Figure 10  Cross-tension loads of joints.

Conclusions

In this study, a cold joining process of two ultra-high-
strength steel and one aluminium alloy sheets using a pre-
punched middle sheet was developed. Using the middle 
sheet with an optimum hole diameter, the three sheets 
having a flat bottom of the lower sheet were joined 
without defects. In the future, the robustness for the 
alignment of punch, the hole diameter, the deviation of 
sheet thickness and flow stress are required for 
application to the actual joining process.
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Abstract 
 

Spin wave devices attract many interests of 
researchers as next-generation computing devices 
instead of semiconductor-based computing devices 
because of their low loss and wave functionalities. To 
realize the spin wave devices, controlling the 
propagation of the spin waves is a key technology. The 
propagation properties of spin waves can be 
controlled by magnonic crystals comprising artificial 
periodic magnetic structures. Recently, we 
demonstrated a magnonic crystal comprising periodic 
metal structures deposited on a spin-wave waveguide, 
and the waveguide was composed of yttrium iron 
garnet film epitaxially grown on gadolinium gallium 
garnet substrate. This magnonic crystal showed a 
clear magnonic bandgap (stopband) at a frequency of 
1.5 GHz. To increase the dimension of the periodicity 
of the magnonic crystal from one to two, a broad 
excitation band of a spin wave is essential. However, 
the broad excitation band of the spin waves was not 
reported so far. Hence, in this paper, to obtain the 
broad excitation band, the structure of microstrip line 
antennas exciting spin waves was investigated using a 
high-frequency simulator based on finite integration 
technique. The microstrip line antenna was located 
onto the yttrium iron garnet film. The thickness of the 
yttrium iron garnet film was 1 m. This yttrium iron 
garnet was put onto a 100 nm thick copper film 
deposited on a silicon substrate. The copper layer 
worked as an electrical ground. The thickness of the 
silicon substrate was 380 micro-meter. The thickness 
and width of the microstrip line antenna and the 
thickness of the yttrium iron garnet film were varied 
in the simulator. The figure of merits was defined as 
the multiplication of the spin-wave intensity at the 
frequency of 4 GHz and the frequency bandwidth at 
half of the maximum value. As a result, the largest 
figure of merit was 24 Oe GHz, 1.87 times larger than 
the conventional antenna. In the symposium, the 
details of the method and results would be discussed. 
 
Keywords: spin wave, microstrip line, magnonics, 
magnonic crystal, yttrium iron garnet 

 
Introduction 
 
Spin wave (SW) devices attract many interests of 
researchers as next-generation computing devices instead 
of semiconductor-based computing devices because of 
their low loss and wave functionalities (Chumak, 
Vasyuchka, Serga & Hillebrands, 2015; Goto, 2021; 
Goto et al., 2019; Serga, Chumak & Hillebrands, 2010). 
To realize the SW devices, controlling the propagation of 
the SWs is a crucial technology. The propagation 
properties of SWs can be controlled by magnonic crystals 
comprising artificial periodic magnetic structures 
(Chumak, Serga & Hillebrands, 2017). Recently, we 
demonstrated a magnonic crystal comprising periodic 
metal structures deposited on an SW waveguide, and the 
waveguide was composed of yttrium iron garnet film 
epitaxially grown on gadolinium gallium garnet substrate 
(Goto, Shimada, Nakamura, Uchida & Inoue, 2019; 
Shimada et al., 2017). This magnonic crystal showed a 
clear magnonic bandgap (stopband) at a frequency of 1.5 
GHz (Goto, Shimada, Nakamura, Uchida & Inoue, 2019). 
To increase the dimension of the periodicity of the 
magnonic crystal from one to two, a broad excitation 
band of SW is essential. Simultaneously, the excitation 
antenna needs to be integrated into the same substrate. 
However, such an SW spectrum and antenna have not 
been reported because of the fabrication difficulty. 
Hence, this paper suggests the new structure of 
microstrip line (MSL) antennas, and its performance was 
calculated. 
 
Calculation Model 
 

An MSL antenna comprises a dielectric layer 
sandwiched by a signal line (SL) and a ground plane (GP). 
To broaden the excitation spectrum, the width of the SL 
should be decreased because of their Fourier-
transformable relationship (Goto et al., 2019). However, 
simultaneously, the distance between the SL and GP 
becomes so large, decreasing the antenna output and the 
SW magnitude drastically. Hence, we suggest using the 
SW waveguide as a dielectric layer in MSL, as shown in 
Figure 1. The SW waveguide is composed of a magnetic 
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insulator, a yttrium iron garnet (YIG). A bias magnetic 
field was applied perpendicular to the plane in order to
excite the forward volume SWs. The conductivity of both 
SL and GL was 5.97 107 S/m. The relative permittivity 
and saturation magnetization, the magnetic damping 
constant, and the gyromagnetic ratio of YIG were 15.3, 
1800 G, 2.4 10–4, and 2.8 MHz/Oe, respectively. The 
relative permittivity of the Si substrate was 12. The 
working frequency was set as 4 GHz. The Si substrate 
size was 100 m 100 m 380 m,  sufficiently larger 
than the wavelength of SWs.

Calculation Procedure

And RF electrical signal was incident on port 1, and 
the RF response was calculated using the finite 
integration technique (Shimada et al., 2017). The x-
component of the RF magnetic field distribution along 
the blue line in Figure 1 bisecting SL on the YIG surface 
was obtained. This distribution was Fourier transformed, 
and we obtained the SW’s wavelength spectrum. Using 
this spectrum and dispersion curve (Goto, Shimada, 
Nakamura, Uchida & Inoue, 2019) of the propagating 
SW, the frequency spectrum of the excited SW was 
obtained, as shown in Figure 2. The bias field was 
adjusted so that the wavelength of the SW was 8.9 μm at 
a frequency of 4 GHz. The figure of merit (FOM) was 
defined as the multiplication of the spin-wave intensity at 
the frequency of 4 GHz and the frequency bandwidth at 
half of the maximum value.

The thickness and the width of SL, the thickness of 
YIG were varied, and FOMs were calculated.

Results and Discussion

First, the thickness of SL was varied 0.1–10 μm while 
fixing the YIG thickness to 1 m and the width of SL to 
1 m. A 0.1- m-thick SL showed the largest FOM 
because of the increase of x-component of RF signal 
compared with y-component of that.

Second, the width of SL was varied 0.4–10 m while
fixing the YIG thickness to 1 m and SL thickness to 0.1 

m. The largest FOM was obtained when the SL width 
was 0.6 m.

Third, the YIG thickness was varied 0.1–10 m while 
fixing the thickness and width of SL to 0.1 m and 0.6 
μm, respectively. The optimal YIG thickness was 1 μm 
because of the increase of distance between SL and GP 
and the narrowing of the bandwidth. 

Therefore, we determined the MSL antenna structure, 
showing the spin-wave intensity of 15.3 Oe, the 
bandwidth of 1.62 GHz, and the FOM of 24.9 OeGHz.

Conclusions

The SW spectra generated by the MSL antenna 
sandwiching the YIG layer were calculated using a finite 
integration technique with various structural parameters. 
The optimum thickness and width of SL were 0.1 m and 
0.6 m, respectively, when the thickness of YIG was 1 

m. This MSL antenna showed 0.533 times higher SW 
intensity, 3.52 times broader bandwidth, and 1.87 times 
larger FOM compared with the conventional antenna. 
This paper showed a potential planar antenna structure
for exciting broadband SW, essential for demonstrating 
two-dimensional magnonic crystals.
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Abstract 
 

With the progress in optical information 
processing and communications, high speed light 
modulation devices are eagerly desired. A magneto-
optical spatial light modulator (MOSLM) that can 
operate at a speed higher than conventional SLMs 
such as digital mirror device is a device that 
modulates the intensity and phase of light using the 
magneto-optical effect. For the development of 
voltage driven MOSLMs, a multiferroic composite 
film in which magnetic columns are embedded in a 
piezoelectric matrix is desired. To realize such the 
structure, the fabrication method to grow aligned 
BaTiO3 (BTO) and bismuth substituted rare earth 
iron garnet (Bi:RIG) on the same substrate was 
investigated. In a preliminary work, CoFe2O4 (CFO) 
was found to be aligned both on the SrTiO3 (100) and 
GGG (111) substrates, while BTO and Bi:RIG can 
only grow epitaxially on the substrate with the same 
crystal structure. This suggests the use of CFO as a 
buffer layer may give us the aligned BTO and Bi:RIG 
on the GGG (111) substrate. Based on this result, the 
effect of CFO thickness on the alignment of BTO was 
investigated. The preferential growth of BTO (111) 
was observed on the CFO buffered GGG (111) 
substrate, and the (111) oriented BTO was obtained 
on the 2500 pulsed CFO layer. From pole figure 
analysis of the sample, it was found there are two-sets 
of orientation groups tilted by 20 ° to the left and right 
in the plane probably due to the relaxation of the 
lattice mismatch at the interface between CFO and 
BTO layers. This suggests that the use of CFO buffer 
layer is effective to grow BTO and Bi:RIG 
simultaneously with a certain crystal relationship on 
the GGG (111) substrate and is an important 
breakthrough for obtaining multiferroic composites 
using Bi:RIG for light modulation. 
 
Keywords: multiferroic composites, CoFe2O4 buffer 
layer, GGG substrate, crystal alignment 
 
Introduction 
 

With the remarkable progress in the fields of optical 
information processing and communications, optical 
modulation devices that can be driven at high speed are 
eagerly desired. Spatial light modulator (SLM) is an 
element that controls light intensity, phase, and 
polarization in two dimensions. We have investigated to 
realize a magneto-optical SLM (MOSLM) that can 
operate at a speed higher than conventional SLMs such 
as liquid crystal on silicon (LCOS) and digital mirror 
device (DMD). The MOSLM is a device that modulates 
the intensity of light using the magneto-optical effect in 
which the polarization plane of light rotates depending on 
the direction of magnetization by inserting an analyser on 
the output side. This MOSLM can modulate light in 
nanosecond order in principle by controlling the direction 
of magnetization and is expected to be applied to next-
generation devices such as optical communication and 
optical computing. 

We developed current driven MOSLM (i-MOSLM) 
that uses a magnetic garnet thin film to modulate the 
magnetization direction of arbitrary pixels arranged two 
dimensionally with a magnetic field by a current (Takagi 
et al., 2006). In this i-MOSLM, it was difficult to increase 
the scale because the Joule heat was large due to the 
current for magnetization reversal. So, the voltage driven 
MOSLM (v-MOSLM) in which a piezoelectric material 
was formed on the magnetic garnet layer was developed 
(e.g., Takagi et al., 2006 & 2009; Mito et al., 2011). This 
v-MOSLM controls the magnetization direction through 
the inverse magneto-strictive effect by applying voltage 
to piezoelectric layer. However, since the strain 
generated in the piezoelectric material is applied only 
near the interface with the magnetic material, the amount 
of modulation cannot be increased above a certain value 
even if the magnetic material is thickened. Therefore, the 
structure that can apply a large and uniform stress in thick 
magnetic material is desired.  

The 1-3 type multiferroic composite film in which 
magnetic columns are embedded in the piezoelectric 
material may be a strong candidate (e.g., Ma et al. (2011)). 
In this structure, stress can be applied uniformly to the 
magnetic material even if the film is thickened, so the 
increase in the modulation is expected in proportion to 
the film thickness. It has been reported that many 
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combinations of materials such as BiFeO3 (BFO) and 
BaTiO3 (BTO) as perovskite and CoFe2O4 (CFO) as 
spinel form this 1-3 type self-assembled perovskite-
spinel nanostructure. (e.g., Zavaliche et al. (2005); Zheng 
et al. (2006); Ma et al. (2011)). Zavaliche et al. (2005) 
reported that a large electromagnetic effect of 10-2 G
cm/V is exhibited at room temperature in the epitaxially 
grown composite structure in which CFO pillars are 
embedded in BFO matrix.  In addition, Aimon et al. 
(2015) reported that magnetization of CFO embedded in 
BFO matrix was reversed by applying a voltage with a 
microprobe to a multiferroic composite film prepared by 
simultaneously growth with the PLD method. The v-
MOSLM is expected to realize by using a rare earth 
magnetic garnet (Bi:RIG) as a magnetic material in this 
structure. However, typical piezoelectric materials such 
as PZT and BTO have a perovskite structure that is 
different from the garnet structure. There were several 
reports (e.g. Dong et al. (2017); Jung et al. (2021)) in 
which yttrium iron garnet (YIG) and BTO were deposited 
by sputtering on SrTiO3 (STO) single crystal substrate. In 
these reports, the YIG crystal was polycrystalline and did 
not grow epitaxially on STO substrate, while the BTO 
showed epitaxial growth. In order to grow piezoelectric 
and the magnetic materials simultaneously, it is reported 
that both of them should keep a crystal orientation 
(Zheng et al. (2006)). However, it is not easy because of 
the difference in crystal structures between garnet and 
perovskite. In this work, we found that CFO could be 
aligned and grown on the (111) plane of the Gd3Ga5O12 
(GGG) single crystal substrate, that is usually used for 
the deposition of single crystal garnet film, and 
investigated the growth conditions using this thin film as 
the buffer layer for obtaining a BTO film oriented on the 
GGG substrate. 
 
Experimental   
 

A pulsed laser deposition (PLD) method  was used to 
prepare the sample. First, BTO, CFO, and Bi:RIG were 
deposited on the STO (100) and Gd3Ga5O12 (GGG) (111) 
substrates to check the crystal alignment on these 
substrates with X-ray diffraction (XRD) analysis. Based 
on this result, the effect of CFO thickness on the crystal 
alignment of BTO deposited on GGG (111) substrate. 
Table 1 shows the fabrication conditions of the samples. 
The CFO layer was deposited with various pulse numbers 
between 50 and 2500 pulses, and then the BTO was 
formed with 2500 pulses with the substrate temperature 
of 750 °C. The crystal orientation of these BTO / CFO / 
GGG (111) samples was evaluated by XRD, and the pole 
figure analysis was also performed on the sample with 
BTO deposited 15000 pulses. 

 
Table 1 Experimental conditions 

Substrate GGG (111) 
Target CoFe2O4 BaTiO3 

Distance between target 
and substrate 5 cm 

Substrate temperature 750 ºC 
Oxygen partial pressure 7.0 Pa 

Laser condition 360 mJ/pulse 10 Hz 

Pulse number 50 ~ 2500 2500, 
15000 

 
Results and Discussion 
 

Figure 1 shows the XRD patterns of the samples 
deposited on STO (100) and GGG (111) substrates with 
the target of BTO, CFO or Bi:RIG. As shown in this 
figure, BTO and Bi:RIG can grow epitaxially only on 
STO and GGG substrates that has the same crystal 
structure, respectively. On the other hand, CFO can grow 
with the same crystal alignment on both of STO and 
GGG substrates. This suggests that BTO may grow 
hetero-epitaxially on the CFO layer deposited on GGG 
substrate since both BTO and CFO can grow epitaxially 
on the STO substrate. 

 

 
Figure 1 XRD patterns of the samples deposited on 

STO (100) and GGG (111) substrates with the targets of  
(a) BTO, (b) CFO and (c) Bi:RIG. 
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Figure 2 shows the XRD patterns of multilayer films 

in which the BTO layer was deposited on CFO layer with 
different thicknesses formed on GGG (111) substrate. As 
shown in this figure, when the deposition pulse number 
of CFO film is less than 100 pulse, the strength of the 
(110) face, which is the strongest peak of BTO, is strong. 
However, when the deposition pulse number of CFO 
exceeds 200 pulses, the strength of the (111) face became 
relatively strong, and those of the other faces became 
weak. When the deposition pulse number of CFO was 
2500, the intensity of BTO (111) face became dominant, 
and CFO {111} peaks were also detected.  

 

 
Figure 2 XRD results of BTO deposited on CFO 

buffer layer with various thickness on GGG (111) 
substrate. 

 
In order to evaluate the effect of the thickness of the 

CFO buffer layer on the BTO orientation quantitatively, 
the ratio of the intensity of BTO (111) face to the sum of 
(111) and (101) faces, I(111) / (I(111) + I(101)), are plotted in 
Fig. 3 against the deposition pulse number of CFO. As 
shown in this figure, the intensity ratio of the BTO (111) 
which was about 0.1 at 100 pulses of less, became about 
0.65 when the CFO layer was deposited by 200 pulses. 
This ratio increased to about 0.8 at the CFO deposition 
pulse numbers of 500 and finally reached 0.98 in the 
sample deposited on the CFO layer deposited with 2500 
pulses, and the preferential orientation of (111) was 
recognized. Since the deposition rate of the CFO film was 
about 0.02 nm/pulse, the thickness of about 10 nm of the 

CFO layer is thought to be needed to achieve the (111) 
oriented BTO film.  

 

 
Figure 3 Intensity ratio of BTO (111) face against the 

thickness of CFO buffer layer. 
 
To see the in-plane orientation of the BTO film 

deposited on the GGG (111) substrate, the pole figure 
analysis was carried out for the sample with 15000 pulse 
of BTO layer on the 2500 pulses of CFO buffer layer, that 
showed the strongest BTO (111) peak. Figure 4 shows a 
cross-sectional SEM image of this layered sample. The 
thickness of the BTO layer was about 630 nm, and that 
of the CFO layer was about 50 nm, respectively. Figure 
5 shows the evaluation results of the XRD pole figure for 
the BTO {100} and {221} planes of this sample. As 
shown in this figure, two sets of three-fold symmetric 
peaks were obtained for the {100} and {221} planes, 
while the thickness of the CFO layer was too thin to 
confirm in-plane orientation. That is, the BTO had a 
uniaxial orientation in which the [111] direction was 
perpendicular to the substrate surface, while 
unfortunately it was found that there were two different 
sets of orientation groups in the in-plane direction rather 
than biaxial orientation. Considering that the CFO (lattice 
constant of 0.840 nm) has a lattice constant about twice 
that of the BTO (lattice constant of 0.404 nm), the lattice 
mismatch between them is about 4 %. This misfit is 
relaxed to about 1.5 % through the rotation of the BTO 
by 20 degree in the plane. On the other hand, since the 
CFO has a lattice constant about 2/3 of GGG (lattice 
constant of 1.238 nm), the lattice mismatch between them 
is about 1.5%. Hence the BTO is thought to growth with 
the rotation by 20 ° in the plane to relax the lattice misfit 
at the interface between CFO and BTO if the CFO shows 
biaxially oriented growth on the GGG (111) substrate.  
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Figure 4 Cross sectional view of the BTO/CFO 

layered sample deposited on GGG (111) substrate. 
 

 
 
Figure 5 XRD pole figure of the BTO deposited on 

CFO buffer layer on GGG (111) substrate. 
 
In order to grow BTO and Bi:RIG simultaneously on 

the GGG substrate, it is desirable that there is a certain 
crystal relationship between the BTO and the Bi:RIG 
crystals. In this work, the BTO grown on the CFO buffer 
layer did not show complete in-plane alignment, but the 
alignment was limited to two groups, and it would be 
expected to grow with maintaining some crystal 
relationship in each alignment group. So, the use of CFO 
buffer layer is considered to be an important 
breakthrough for obtaining multiferroic composites using 
Bi:RIG for light modulation.  
 
Conclusions 
 

To realize the light control multiferroic composite for 
MOSLM, the method for obtaining aligned BTO and 
Bi:RIG on the same single crystal substrate was 
investigated using PLD method. The CFO was found to 
be aligned both on the STO (100) and GGG (111) 
substrates, and this suggests that the use of CFO as buffer 
layer leads the aligned growth of BTO on GGG substrate. 
So, the effect of CFO buffer thickness on the alignment 
BTO layer deposited on the GGG (111) substrate was 
investigated. The preferential growth of BTO (111) was 
observed on the CFO layer with the deposition of 200 
pulses or more, and the (111) oriented BTO was obtained 
on the 2500 pulsed CFO layer. From the pole figure 
analysis, it was found there are two-sets of orientation 

groups tilted by 20 ° to the left and right in the plane 
probably due to the relaxation of the lattice mismatch at 
the interface between CFO and BTO. This suggests that 
the use of CFO buffer layer is effective to grow BTO and 
Bi:RIG simultaneously with a certain crystal relationship 
for obtaining multiferroic composites using Bi:RIG for 
light modulation. 
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Abstract 
 

We developed the spin-controlled laser using a 
magnetooptical Q-switch comprising a magnetic 
garnet film and a magnetic field pulse generator. This 
laser showed high-power pulses, and its cavity length 
was short, ~10 mm. To integrate this laser into a 
microchip, we fabricated a cerium substituted 
yttrium iron garnet (Ce:YIG) film with various 
thicknesses. A 338 nm thick Ce:YIG showed the 
Faraday rotation angle of –0.95  at a wavelength of 
1064 nm. The figure of merit was 67 /dB. These 
values were larger than that of previous reports. We 
also observed the thickness dependence of the 
magnetooptical properties. These results showed the 
high potential of Ce:YIG film for magnetooptical Q-
switch used in a spin-controlled laser. 

 
Keywords: spin controlled laser, Q-switch, 
magnetooptics, yttrium iron garnet, ion beam sputtering 
 
1. Introduction 
 

Compact and high-power lasers are used in various 
fields, like manufacturing and medical industries. A Q-
switching technique can enhance the pulse power of the 
laser while keeping the size of the laser small1,2. The 
electro-optical (EO) effects3, the acousto-optical (AO) 
effects4, and the saturable absorption effects5 are widely 
used in Q-switches. These can show high-power pulses 
but cannot be integrated into microchips in principle. In 
contrast, the magnetooptical (MO) Q-switch can be 
integrated into microchips because of its small thickness, 
approximately 190 m6-8. The laser using the MO Q-
switch was called the spin-controlled laser6, showing 
interesting properties not available with other lasers. In 
theory, the thickness of the MO Q-switch can be 
decreased when we use cerium substituted yttrium iron 
garnets (Ce:YIG)9,10 film. However, the Ce:YIG has 
never been considered for use in the MO Q-switch 
because of the fabrication difficulty of ~10- m-order-
thick Ce:YIG film. To fabricate such a film, in this study, 
we prepared Ce:YIG films with various thicknesses and 
measured the crystalline, magnetic, optical, and MO 
properties. 

2. Film Preparation 
 

Ce:YIG films were deposited by radio-frequency 
(RF) ion beam sputtering (RMTech RM17-0010) on 
synthetic fused silica substrates. A sintered target 
comprising Ce1.0Y2.5Fe5O12–  was used for the deposition. 
The deposition rate and chamber oxygen flow were 
varied. Working pressure of ~9  10–2 Pa with an oxygen 
flow of 8 sccm, an ion beam voltage of 800 V with a 
maximum RF power of 75 W was used. The temperature 
and rotation speed of the substrates were 200 C and 4.2 
rpm, respectively. The deposited samples were diced into 
5 mm  5 mm, and annealed in a glass chamber (Ulvac 
SSA-P610CP) pumped down at ~2 Pa. Annealing 
temperature and time were 800 C and 20 minutes, 
respectively. The color of the prepared samples was 
yellow-green (Figure 1 inset). 
 
3. Characterization and Discussion 
 

The film thickness was varied from 51 nm to 
2056 nm, measured by a stylus profilometer (Kosaka 
Laboratory ET4000M). The composition of the film was 
measured using an energy dispersive x-ray spectroscopy 
system (Hitachi High-Technologies SU3500 and 
AMETEK EDAX Genesis APEX2 Octane), showing 

Figure 1. Faraday rotation angle spectrum of a 338 
nm thick Ce:YIG film deposited on the synthetic 
fused silica substrate. The inset shows the top view 
of Ce:YIG film. 
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Ce1Y2Fe5O12– . Crystalline properties were characterized 
by out-of-plane x-ray diffraction (XRD, Rigaku 
Smartlab). The samples thicker than 177 nm showed 
polycrystalline garnet phases. The strongest (420) XRD 
peak shifted to the lower angle as the sample become 
thicker, showing the expansion of the out-of-plane lattice 
constant because of the lattice relaxation. The estimated 
lattice constants were between 1.242 nm and 1.244 nm. 

The samples' transmissivity was measured in a range 
of 200–3000 nm using a spectrometer (Shimadzu UV-
3150). The transmissivity of a 338 nm thick sample at a 
wavelength of 1064 nm was 70.6%. The complex 
refraction index was obtained using these transmission 
spectra and the software SCOUT based on the Fresnel 
equation, showing the refractive index of 2.205 and the 
extinction coefficient of 2.774  10–4 (= –1.424  10–2 

dB/ m). 
The Faraday rotation angle was measured using the 

MO measurement system (JASCO J-1700FK). The range 
of the wavelength was 200–2200 nm. The temperature of 
the sample was 40 C. The Faraday rotation angle was a 
sum of two spectra measured at two magnetic fields of 
+0.5 T and –0.5 T, Figure 1. The Faraday rotation angle 
at 1064 nm was –0.95 / m. This value 
is 1.08 times larger than the previous value of –
0.88 / m9. The figure of merit (FOM) is defined as the 
multiplication of Faraday rotation angle, and the 
transmissivity was 67 /dB, 1.06 times larger than the 
previous value of 63 /dB9. This FOM was not constant 
when the thickness was changed because of the change 
of surface roughness of the samples. The surface 
roughness defined as the root mean square Rq was 
measured by the stylus profilometer. The value of Rq was 
increased with increasing the film thickness by 
Rq = 1.2 m, caused by surface cracks of the samples. 
The cracks occurred because of the difference in the 
thermal expansion coefficients between the Ce:YIG films 
and the synthetic fused silica substrates.  
 
4. Conclusion 
 

We fabricated polycrystalline Ce:YIG films with 
various thicknesses for the development of an integrated 
MO Q-switch. Crystalline, optical, the Faraday rotation 
angle, and surface roughness of Ce:YIG films deposited 
on the synthetic fused silica substrates were characterized. 
Thickness dependence of the Faraday rotation angle and 
FOM was observed. The 338 nm thick Ce:YIG film 
showed the FOM of 63 /dB, 1.06 times larger than the 
previous value. However, this value was limited because 
of the cracks of the samples. Hence, to further 
improvement, epitaxial growth of a single crystalline 
Ce:YIG is needed. These results are a good milestone for 
the development of integrated spin-controlled lasers. 
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Abstract 
 

High power lasers are used in many applications, 
e.g., medical instruments, laser machining, laser 
ignition. Recently, we reported a spin-controlled laser 
comprising a diode-pumped solid-state laser and a 
magnetooptical (MO) Q-switch, irradiating high-
power optical pulses. The MO Q-switch is composed 
of an 0.1-mm-thick magnetic film and a coil. The size 
of the MO Q-switch is smaller than other Q-switches, 
and this can be integrated onto laser crystals in 
principle, but this integration has not been reported 
so far. Hence, we combined the MO Q-switch with a 
laser crystal using optical glue and demonstrated a 
short laser cavity and high-power optical pulses. 
 
Keywords: laser, magnetics, optics, fabrication, film 
 
1. Introduction  
 

High-power lasers have been implemented as 
essential components of various applications, e.g., laser 
machining devices1,2, vehicle ignition plugs3, mass 
spectrometers4, satellite propulsion device5, medical 
instruments. In these lasers, Q-switching optical 
component is widely used because of its ability to 
enhance the power of laser pulses. Recently, we reported 
a spin-controlled laser using magnetooptical (MO) Q-
switches6-8. This spin-controlled laser used a magnetic 
film showing large magnetooptical (MO) effects and 
magnetic domains, as shown in Figure 1. The MO device 
was notably thin, compared with other Q-switches using 
electro-optical (EO) effects and acousto-optic (AO) 
effects. In general, the pulse width of the output of a Q-
switched laser became shorter when the cavity length of 
the laser is shorter. Hence, the MO Q-switch can shorten 
the pulse width of output and increase the output power. 
However, the shortest cavity length of the spin-controlled 
laser was 10 mm, even the total thickness of all 
component within a cavity was ~4 mm because of the 
difficulty of optical alignment of these optical elements. 
To overcome this issue, we used optical glue and 
deposition technique to integrate all optical elements in 
the laser cavity in this study. 

2. Laser Preparation 
 

We fabricated the spin-controlled laser using MO Q-
switch and laser cavity comprising a 3 mm  3 mm  
4 mm laser crystal: neodymium (1 atomic percent)-doped 
gadolinium vanadium oxide (Nd:GdVO4) and two 
dielectric mirrors. Figure 1 showed the sketch of the 
fabricated spin-controlled laser. A diode laser generating 
light at 808-nm wavelength was used to pump the 
Nd:GdVO4 using lenses. The repetition rate was 10 Hz, 
the pumped current was 20 A, the pulse width of the 
pump light was 100 s. The dielectric mirrors were 
fabricated on the Nd:GdVO4 crystal using ion beam 
evaporation. The mirror on the input side of the crystal 
had high reflectance at the wavelength of 1064 nm. On 
the output side, the mirror had high transmission at the 
wavelength of 1064 nm and high reflection at the 
wavelength of 808 nm. A 3 mm  3 mm MO film was 
prepared and used in the laser cavity. The Faraday 
rotation angle at the wavelength of 1064 nm was 45 . The 
output coupler was fabricated on the output side of the 
MO film using a dielectric mirror comprising a structure 
of MO film/183-nm-thick SiO2/ 123-nm-thick Ta2O5/ 
183-nm-thick SiO2/ 69-nm-thick-Ta2O5. This dielectric 
mirror showed a reflectivity of 50% at the wavelength of 
1064 nm to the light incident from the input side. The 
input side of the MO film was not coated by any dielectric 

Figure 1. A sketch of a spin-controlled laser. The MO 
film was contacted to the laser crystal using an 
optical glue. 
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mirrors. This MO film was fixed on Nd:GdVO4 crystal 
directly using optical glue. The MO sample had no 
substrate, and the thickness was about 0.2 mm. Thus, the 
total length of the laser cavity was approximately 4 mm.

Magnetic-field pulses were applied to the MO film 
using a 5-turn solenoid coil connected to the handmade-
electrical pulse generator. Trigger signals were generated 
by a function generator (Tektronix, AFG3022), and a bias 
voltage was applied using Takasago ZX-S-800MA. The 
coil diameter was 5 mm, and the diameter of the Cu wire 
used in the coil was 0.5 mm.

The position of the lens for the pump light was varied,
and the output pulses were measured. The magnitude of 
the magnetic field pulse was also varied. The output 
pulses were measured using an InGaAs-based fast-
response optical photodetector (Thorlabs, DET10C) and 
a digital oscilloscope (Keysight Technology 
DSO80804B.

3. Optimization of Pumping Laser

Q-switched pulse was obtained, like Figure 2. The 
shape and number of the pulse were varied when the 
position of the lens was shifted. The largest single pulse
was obtained when the distance between the lens and the 
lasing crystal was 14 mm.

4. Oscillation with Various Magnetic Field Pulses

The intensity of the magnetic field pulse applied to 
the magnetic garnet film was varied by changing a bias 
voltage applied to a transistor in the electrical pulse 
generator. The intensity was varied from 0 to 450 Oe. The 
Q-switching was observed when the magnetic field was 
larger than 250 Oe. Single pulses were obtained only at 
the magnetic field of 250 Oe. The larger magnetic field 
pulses as >300 Oe generated multiple pulses, probably 
showing the residual accumulated energy in the cavity 
not extracted by MO Q-switch. Therefore, a further 
change of the Q-factor would increase the pulse intensity. 
In particular, the improvement of the transmissivity at the 
boundary of the laser crystal/the optical glue and the 
glue/the MO film would enhance the output.

5. Conclusion

We demonstrated the spin-controlled laser using 
Nd:GdVO4 and a magnetic garnet film. The laser crystal 
and the MO Q-switch were contacted via an optical glue. 
The cavity length was 4 mm. This demonstration was the 
shorted cavity length of the active Q-switched laser.
Further improvement of the bonding technique would 
increase the pulse power.
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Figure 2. The obtained output pulse generated by the 
fabricated spin-controlled laser. The pulse width was 
about 25 ns.
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Abstract 
 

Spin wave devices are attractive for next-
generation information processing. Recently, the 
spin-wave propagating through magnetic domains or 
domain walls attract many interests in the field of 
magnetics because of interesting propagation 
properties unavailable in uniformly-magnetized spin-
wave waveguides. Such spin-wave propagation in 
magnetic domains or domain walls should occur in 
any magnetic media, and this is useful for spin-wave 
logic devices. However, the calculation of magnetic 
domains in a magnetic garnet, which is the most 
general magnetic material used as the spin-wave 
waveguide, has not been reported so far because of the 
limitation of calculation time and/or speed 
determined by computational resources. The general 
size of the magnetic domains in the magnetic garnet is 
over 1 micron. Thus the amount of mesh, cell, and 
calculation time is significantly large. To overcome 
this issue, we used a parallel computing technique for 
calculating the magnetic domains in the magnetic 
garnet film. The magnetization state of the magnetic 
garnet was calculated using a micromagnetic 
simulator (Fujitsu, EXAMAG). In this study, we 
calculated the steady magnetization state of magnetic 
garnet films and the magnetic hysteresis loop. The 
calculation model was 20 m  20 m  2 m and 10 

m  10 m  2 m for each calculation.  The cell 
size was 80 nm  80 nm  80 nm. We used five parallel 
calculations, and the total core number was 128. The 
steady magnetization state of magnetic garnet films at 
zero magnetic fields was calculated using the energy 
minimization method. Then, the magnetic hysteresis 
loop of the magnetic garnet film was calculated. The 
external magnetic field applied perpendicular to the 
magnetic garnet films was varied from ±50 mT. The 
total magnetization was calculated with the various 
external magnetic field, showing a clear magnetic 
hysteresis loop. The calculated results showed the 
maze-shaped magnetic domains and the magnetic 
hysteresis loop, similar to the experiments. 
 
Keywords: Micromagnetic, Magnetic garnet, Domain, 
Parallel computing 

Introduction 
 

The information processing technology is developing 
with complementary metal-oxide-semiconductor 
(CMOS)-based computing devices, but the speed of the 
development is decreasing in recent years. Thus, other 
devices replaceable with the CMOS, so-called beyond 
CMOS devices, are developing widely. Spin-wave 
device (e.g., Goto, 2021; Goto et al., 2019) is promising 
among the beyond CMOS devices because of low heating 
property and interesting wave functionalities. A spin 
wave is a collective wave composed of magnetic 
moments in a magnetic material. Most spin-wave devices 
have been used uniformly magnetized materials for 
waveguides. In contrast, recently, the spin-waves 
propagating in nonuniformly-magnetized materials 
showing magnetic domains attract many interests 
because of their functionalities (e.g., Wagner et al., 2016; 
Wojewoda et al., 2020). However, there is a few reports 
of the calculation of magnetic domains. In particular, 
magnetic domains in an iron garnet, which is the 
promising magnetic material used as the spin-wave 
waveguide, have not been reported so far. To simulate the 
magnetic domains in the iron garnets, we used 
micromagnetic simulation, calculating the motion of 
magnetic moments. The magnetic domains occur only in 
the sufficiently large model compared with the domain 
size. Thus the amount of mesh or cell is significantly 
large, and the calculation takes a long time. Hence, we 
used parallel computing. 
 
Calculation Method  
 

We used the micromagnetic simulator (Fujitsu 
EXAMAG version 2.2.4) with a parallel computing 
technique. The parallel computer (TUT HPC cluster 
system) is composed of 128 cores (Intel Xeon Gold 6132 
processor) with a memory of 960 GB. 
 
Calculated Magnetic Domains  

 
The model has assumed a typical iron garnet film, but 

the size was reduced because of the preparation difficulty 
of the mesh model. The dimension of the calculation 
model was 20 m  20 m  2 m. The model size was 
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sufficiently larger than the domain size observed in the 
experiment. The cell size was 80 nm 80 nm 80 nm, 
the number of cells was 4.770 106. Saturation 
magnetization was 40 mT. The exchange coupling 
constant was 7 pJ/m. The anisotropic magnetic field was 
31.35 mT (= 2.5 104 A/m). The steady magnetization 
state of this film at zero magnetic fields was calculated 
using the energy minimization method (Tanaka et al., 
2017). This method determined the magnetization states 
in which the magnetic energy is locally minimized.

This calculation took about 30 minutes. Figure 1 
shows the result of the steady state simulation. The z-
component of magnetization was shown as contour style. 
The maze-type magnetic domains were generated. The 
width of the calculated magnetic domains was ~3 m. 
The size of the domain wall was ~0.3 m, and the type of 
domain wall was Bloch. The widths of the domain wall 
were defined as the distance between two points showing 
the magnetization of +1/e and –1/e. The remanent area 
was defined as the domain. A similar maze-type domain 
was also observed in experiments using iron garnet films
(Goto et al., 2016), but the width of the domain and the 
domain walls were different because of the difference in 
the magnetic properties of the film.

Calculated Magnetic Hysteresis Loop

A magnetic hysteresis loop was calculated by 
changing the applied field in order to obtain the 
measurable magnetic parameters from this simulation. In 
this simulation, the model size was reduced to 10 m
10 m 2 m for speeding up without changing the 
results. Other parameters were the same as the previous 
calculation. A bias magnetic field was applied 
perpendicular to the garnet plane. The field intensity was 
varied from –50 to +50 mT. The initial magnetization 
curve was also calculated. 

This calculation took about 1.5 hours. Figure 2 
showed the calculated magnetic hysteresis loop of the 
iron garnet film. The coercivity was 3 mT. The remanent 
magnetization was 0.96. In the range of 3–15 mT, the 
magnetic domain walls were moved, and magnetic 
domains were disappeared at the magnetic field of 20 mT. 
In the range of 20–50 mT, the in-plane directions of 

magnetization were rotated, and these were oriented to 
the z-direction. These phenomena were also observed in 
experiments (Morimoto et al., 2017). The difference 
would be reduced by using the measured magnetic 
parameters.

Conclusions

The maze-type magnetic domains in the iron garnet 
films were calculated using micromagnetic simulation 
with parallel computing technique. And the magnetic 
hysteresis loop was also calculated. These results were 
qualitatively similar to the experiment, but further 
optimization of the calculation model is required. Spin-
wave propagation properties would be calculated using 
these magnetic domain patterns. Therefore, this study 
becomes an important milestone for developing spin-
wave devices.
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Abstract

Plasma electrolytic oxidation (PEO) of titanium
alloy is useful for application of implant due to its 
porous oxide coating on it. PEO is a kind of anodizing 
process with accompanying generation of small and 
minute spark discharge (micro-arc) on the anode 
surface. The micro-arc forms the oxide coating on the 
anode surface through the processes of melting,
oxidation, and solidification. From the observation of 
single discharge crater and the behaviour of micro-
arc, ejected material and bubble during PEO, 
formation mechanisms of PEO coating for Ti was 
investigated. Ejection of anode metal by micro-arc 
fabricate a central hole and petal shape burr around 
the hole. However, there is no bubble burst during
PEO for Ti. Thus, the ejected metal is not pressed and 
flattened on the anode, and the central hole remains 
as porous structure in the coating of PEO for Ti.

Keywords: plasma electrolytic oxidation, PEO, micro-
arc, discharge crater, titanium

Introduction

Plasma electrolytic oxidation (PEO) is a kind of 
anodizing process with accompanying generation of 
small and minute spark discharge (micro-arc) on the 
anode surface. The process fabricates oxide coating on 
light metals, such as aluminum and titanium, and greatly 
improves the anti-wear and corrosion resistance of the 
metals. The fabricated coating structures differ with 
metals and process. Thus, active research has been 
conducted for effective process control and 
improvements (e.g., Clyne and Troughton, 2019).

Titanium alloys are light weight, high strength, and 
high biocompatibility, and applied to medical application 
such as implants. PEO process is applied for fabrication
of functional coating on the implant. (e.g., Kazek-Kęsik, 
Krok-Borkowicz, Pamuła and Simka, 2014; Wang, Chen, 
and Zhao, 2015). In the PEO process, micro-arc melt,
vaporize and eject metals from the anode. The ejected 
metals are cooled and oxidized by electrolyte solution, 
form discharge craters, and fabricate coating on the 
anode. The discharge features are different in metals and 
process conditions, and affect coating microstructures. In 
case of Ti alloy, a porous oxide coting is fabricated on 

the anode. However, the discharge and coating formation 
mechanisms are not clear. It is important to understand 
the mechanisms for control of microstructure and 
function of coating. In this study, the formation 
mechanism of micro-arc and coating by PEO for Ti alloy 
was investigated. The discharge features of micro-arc 
were observed with high-speed camera. The coating was 
evaluated with the morphology observation, the surface 
roughness and the friction coefficient.

Experimental Methods

Figure 1 shows the experimental apparatus of PEO 
for Ti and micro-arc observation. Table 1 shows the 
experimental conditions. A rectangular -titanium alloy
plate was used as a specimen and an anode. A rectangular
SUS410 plate was used as a cathode. The anode and the
cathode were immersed in the electrolyte solution of 
phosphoric acid and sulfuric acid. Outside the treatment 
area of the anode was masked with fluorine resin tape. 
DC power source was connected between the anode and 
the cathode for generation of micro-arc on the anode. The 
micro-arc behaviour was observed from the front of the

Fig.1 Experimental apparatus of PEO for Ti and 
observation direction of micro-arc, ejected materials and 
bubbles. 

Cathode electrode
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anode by a high-speed camera (Photron, FASTCAM 
Mini AX200) at 100,000 fps. The behaviour of ejected 
materials and generated bubbles by micro-arc was 
observed from the side edge of anode by high-speed 
camera at 25,000 fps. 

Effect of voltage and current on micro-arc and 
coating were investigated with three patterns of operating 
conditions of DC power supply as shown in Table 2. In 
order to understand the formation mechanism of coating, 
it is necessary to observe a single discharge crater. the 
discharge current was supplied from a capacitor bank for 
short treatment time less than 0.1 s at small treatment area 
of 1 mm2 as a single pulse operation.  
 
Table 1 Electrode materials and electrolyte solution for 
PEO of Ti 
 

Anode electrode -titanium alloy 
 (Ti-15V-3Cr-3 Sn-3Al) 

Cathode electrode SUS410 

Electrolyte solution 
H2PO4 (0.1mol/L) 

+ 
H2SO4 (0.1mol/L) 

 
Table 2 Operating conditions of power supply 
 

Operating 
condition  

Voltage 
(V) 

Current 
density 
(kA/m2) 

Treatment 
area(mm2) 
/ time(s)  

Constant 
voltage (CV) 200, 500 - 50 / 60 

Constant 
current (CC) - 1.0, 3.0 50 / 60 

Single pulse 
Charge 
voltage: 

500 
- 1 /  <0.1s 

 
The morphology of coating and discharge crater were 

observed with scanning electron microscope. The surface 
roughness of the coatings was measured with laser 
microscope (OLYMPUS, OLS31-SU). The friction 
coefficient of coatings at dry condition was evaluated 
with friction test by surface property tester (SHINTO 
Scientific, TYPE:14FW). The experimental setup and 
test conditions are shown in Fig.2 and Table 3. 
 

 
 
Fig. 2 Experimental setup for friction test. 
 

Table 3 Friction test conditions 
 

Counterpart SUJ2 ( 3mm) 
Load 0.98 N 
Friction speed 5 mm/s 
Friction distance 5 mm 
Number of repetitions 30 
Ambient No lubricant 

 
Results and Discussion 
 

Figure 3 shows the cross section and surface 
morphology of PEO coating with different operating 
conditions of power supply. As for constant voltage (CV) 
operation, discharge current increased with time and 
reached at maximum current density of 7.83 kA/m2 for 
200 V and  10.6 kA/m2 for 500 V. The coating thickness 
increases with voltage. However, the discharge craters on 
the surface becomes small and increases with voltage. At 
200V, a number of discharge craters form  short strings 
on the anode.  At 500V, the discharge craters join with 
neighboring craters, and form a coating. It is difficult to 
distinguish each discharge crater. 

As for constant current (CC) operation, discharge 
voltage gradually increased with time and reached at a 
maximum voltage of 233 V for 1.0 kA/m2 and 249 V for 
3.0 kA/m2. There is no obvious change of morphology 
and thickness of coating  for CC operation. Although, the 
discharge crater join with neighboring craters, it is 
possible to distinguish each discharge crater. The size of 
each discharge crater for CC operation is lager than that 
for CV operation. 

 

 
 
Fig. 3 Cross section and surface morphology of PEO 
coating by CV operation and CC operation. 

Load

Coating

Substrate

AdapterLoad transducer

PC

Cross section Surface

C
V

20
0 

V
50

0 
V

C
C

1.
0 

kA
/m

2
3.

0 
kA

/m
2

230



      
 

 
14th International Symposium on Advances in Technology Education 
17-20 August 2021, Turku, Finland 
 

Table 4 shows the surface roughness and friction 
coefficient of coatings. As for CV operation, surface 
roughness increase with discharge voltage. However, the 
firiction coefficient decrease with discharge voltage. At  
CV operation of less than 400V, the coating is easily 
damaged and peal off. As for CC operation, the 
roughness and friction coefficient are low and decrease 
with discharge current. At CC operation of 1.0 kA/cm2, 
the coating is damaged and peal off. Thus, the coating 
damage is small for CV operation for 500V and CC 
operation for 3.0 kA/m2 achieved low friction coefficient. 
 
Table 4 Surface roughness and friction coefficient of 
treated surface  
 

 Roughness 
( m) 

Friction 
coefficient 

No treatment - 0.315 

CV 200 V 0.3641 0.196 
500 V 0.9875 0.082 

CC 1.0 kA/m2 0.2642 0.197 
3.0 kA/m2 0.2591 0.144 

 
Figure 4 show the micro-arc on the anode surface by 

different operating condition with elasped time. As for 
CV operation of 500 V, the micro-arc is widely 
distributed on the anode surface. The emission intensity 
of micro-arc becomes strong with the time. On the other 
hand, the micro-arc are small and weak for CC operation. 
During the PEO for CC operation, the voltage increases 
with the time and drop after    This leads to change of 
surface morphology as shown in Fig.3. 
 

 
 
Fig. 4 Observation of micro-arc from front during PEO 
by CV operation and CC operation. 
 

Figure 5 shows the high-speed camera observation of 
micro-arc from front during PEO by single pulse 
operation for the first 110 s. The peak voltage was 492 
V and the peak current was 0.354 A. Small and minute 
spark discharge (micro-arc) are generated on the anode. 
Although the discharge diameter ranges from about 8 to 
100 m, it is difficult to distinguish the individual 
discharges due to the limitation of resolution of the 
observation system.  The discharge time of micro-arc is 
less than 40 s. 
 

 
 
Fig.5 High-speed camera observation of micro-arc from 
front during PEO by single pulse operation. 
 

Figure 6 shows the single discharge crater on the 
anode surface fabricated by single pulse operation of 
power supply. The discharge craters have a central hole 
of about 0.3 m in diameter and petal shape burr of 1 m 
in diameter around the hole.  It is considered that the burr 
was fabricated by the ejected metals from the hole on the 
center.  

 

 
 
Fig. 6 Discharge crater of Ti fabricated by single pulse 
operation. 
 

Figure 7 shows the high-speed camera observation of 
ejected materials and generated bubble by micro-arc for 
PEO by single pulse operation. The ejected materials and 
generated bubbles were observed from the side edge of 
anode as shown in Fig.1. The anode with uneven surface 
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is in the bottom of each photo.  A small ejection from 
anode surface is observed at 40 s and moves upwards at 
80 s. This is thought to be the effect of ejected metals 
from the anode. This ejection expands and changes the 
morphology of the anode surface from 120 to 160 s. The 
discharge time of each micro-arc is less than 40 s as 
shown in Fig.5. Thus, this change is the effect number of 
micro-arc. After that, the ejection spread over the anode 
surface, destruct the former surface structure, and 
reconstruct the surface structure. 

 

 
 
Fig. 7 High-speed camera observation of ejected 
materials and generated bubbles from the side edge of 
anode for PEO by single pulse operation. 
 

In case of PEO for Al, the ejected metal from the 
anode was pressed onto the anode surface by bubble burst 
around the micro-arc as shown in Fig.8 (Nishikawa, 
Yasui and Fukumoto, 2012). The shape of discharge 
crater is similar to a flattening shape of thermal sprayed 
splat (Fukumoto, Yamaguchi, Yamada and Yasui, 2007). 
However, the morphology of discharge crater for Ti 
(Fig.6) differ with the discharge crater for Al.  As shown 
in Fig.7, there is no bubble burst in this experiment. The 
ejected metals from the anode were not pressed and 
flattened on the anode.  Thus, the central hole remains as 
porous structure in the coating of PEO for Ti.   
 

 
 
Fig.8 Discharge crater of Al fabricated by single pulse 
operation. (Nishikawa, Yasui and Fukumoto, 2012) 
 
 
Conclusions 
 

In this study, the formation mechanism of micro-arc 
and coating by PEO for Ti alloy was investigated and 
following results are obtained. 
 
1) As CV operation, discharge craters on the surface 
becomes small and increases with voltage. surface 
roughness increase with discharge voltage. However, the 
firiction coefficient decrease with discharge voltage. 
2) As for CC operation, there is no obvious change of 
morphology and thickness of coating  for current density. 
The roughness and friction coefficient decrease with 
current density. 
3) From the single pulse operation, the discharge craters 
have a central hole and petal shape burr around the hole. 
However, there is no bubble burst during PEO for Ti. 
Thus, ejected metals from the anode were not pressed and 
flattened on the anode, and the central hole remains as 
porous structure in the coating of PEO for Ti. 
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Abstract

A deoxyribonuclease (hereinafter, this is called 
"DNase") is a protein found in blood and other body 
fluids. DNase is deeply involved in deoxyribonucleic 
acid metabolism in the cell. DNA is known to be 
dissolved by DNase. It is also known that the activity 
of DNase differs depending on the disease. In recent 
years, this DNase characteristics have been studied as 
a diagnostic biomarker for various diseases. Our 
group has developed a device to detect DNase using a 
pair of electrodes and a microfluidic channel. The tip 
shape of the paired electrodes is triangular to 
immobilize DNA by generating a non-uniform electric 
field. DNase is detected by the difference in 
impedance of the electrodes before and after DNA 
immobilization. In this paper, a model of DNA (width: 
1 , height: 1 , length: 16 , dielectric constant: 
8, conductivity: 2.89mS/m) is used for analysis. The 
complex impedance locus was drawn as a 
semicircular arc (Cole-Cole plot). From the results, it 
was found that the equivalent circuit of DNA and 
electrodes can be represented by a parallel circuit of 
resistance and capacitance. The impedance of the 
electrodes after DNA dissolution is larger than the 
impedance of the electrodes after DNA 
immobilization. The more the DNA is dissolved, the 
larger the impedance becomes. We also measured the 
change in impedance depending on the shape of the 
electrode. The impedance of the electrodes before 
DNA immobilization decreased as the surface area 
increased. The number of needles (triangular 
electrodes) had no significant effect on the impedance.
On the other hand, after DNA immobilization, the 
impedance decreased as the number of needles
increased. And changes of surface area did not 
significantly affect the impedance. The ideal electrode 
is the one that shows significant changes before and 
after the DNA immobilization. Therefore, the ideal 
electrode shape was found to be the one with a small 
surface area and a large number of needles.

Keywords: DNase, Biomarker, DNA immobilization,
Impedance biosensor, Complex impedance plot

Introduction

DNase is a protein which found in blood and other 
body fluids. It is deeply involved in intracellular DNA 
metabolism. It plays an important role in vivo. When we 
suffer from gastric, colorectal, and pancreatic cancer, 
they show lower DNase activity than healthy person. On 
the other hand, patients with breast cancer, oral cancer
(Lauková, 2020) and acute myocardial infarction 
(Yasuda, 2005) have been reported to show high DNase 
activity. Therefore, it has been suggested that DNase may 
be one of the susceptibility genes for both the former and 
the latter.

In recent years, DNase biosensors have been studied 
for diagnosis of various diseases. We have proposed 
DNase-detecting method using immobilized DNA for 
measuring DNase activity (Himuro, 2019). The purpose 
of this study is to demonstrate the usefulness of the 
proposed method of DNase detection. In addition, the 
sensitivity of DNase detection is improved by the shape 
of the electrode. A calculation model of DNA is 
indispensable for electromagnetic calculation. However, 
the actual DNA is a double-helix structure consisting 
with long, thin, and flexible molecules. Since it is 
difficult to accurately model DNA, it was hypothesized 
that the DNA is stretched and immobilized in bundles 
between the electrodes. It has also been known that DNA 
can conduct electric current under certain conditions, but 
its electrical characteristics have not yet been specified in 
detail. Therefore, the electrical characteristics were 
assumed by previous studies and analyzed.

Figure 1. Device structure
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Method and device structure

The device for DNase detection used in the proposed 
method is shown in Figure 1. The device consists of a 
pair of aluminum electrodes and a microfluidic channel 

10 mm) 
on a glass plate. The tip of the electrodes consists of 12
needles. When an AC voltage is applied to the electrodes, 
high electric field is produced around the needle tip.
Therefore, DNAs in the solution injected into the 
microchannel can be immobilized between the needles
due to electrostatic-orientation, as shown in Figure 2.
After that, the impedance between electrodes with 
immobilized DNAs changes due to dissolving or them by 
injecting DNase included solution through microfluidic 
channel. Furthermore, if the number of dissolved DNA 
changes due to the difference in DNase activity of the 
solution, it is expected that the impedance change.

Figure 2. Before and after DNase injection

Experiments and results

In this study, calculation model of DNAs (width: 1 
μm, height: 1 μm, length: 16 μm, relative permittivity: 8, 
conductivity: 2.89 mS/m) is used (Yamahata, 2008, 
Cuervoa 2014, Oku, 2021). The microfluidic channel was 
filled with distilled water (relative permittivity: 81, 
conductivity: 1.0 mS/m). The needles (width: 36 μm, 
length: 42 μm, thickness: 0.3 μm) used were all the same.
Frequency band of analysis was 1 kHz to 5 MHz.

The calculation model of the electrode is shown in 
Figure 3. In order to detect DNase, these models were 
used to calculate the electrode and DNA after 
immobilization. The results are shown in Figure 4.

Figure 3.  The calculation model of the electrode and 
DNA

Complex impedance locus of semicircular arc is 
plotted in the 4th quadrant. It was found that the 
impedance was substantially reduced because the 
diameter of the semicircular arc was shortened, when 
DNAs were immobilized on the electrode.

In order to detect the difference in the activity of 
DNase, calculation was performed by changing the 
number of immobilized DNAs. The results are shown in 
Figure 5. The impedance changes step by step depending 
on the number of DNAs immobilized.

Figure 4. Complex impedance locus of the electrodes 
before and after DNA immobilization

Figure 5. Change in number of DNAs

We also calculated the change in impedance 
depending on the shape of the electrode. The shapes of 
the electrode were changed in terms of surface area and 
the number of needles. 

The model of the electrode with changing surface 
area (length direction) and results of the calculation are 
shown in Figure 6 and 7, respectively. 

The model of the electrode with changing surface 
area (width direction) and results of the calculation are 
shown in Figure 8 and 9, respectively. From Figure 7 and 
Figure 9, the impedance decreases as the surface area 
increases.

The model of the electrode with changing number of
needles is shown in Figure 10. The results of the analysis 
using this model are shown in Figure 11. The impedance 
decreases as the number of needles increases.
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Fig. 6. Model of surface area (length direction) change

(a) Before DNA immobilization

(b) After DNA immobilization
Figure 7. Change in surface area (length direction)

Discussion and conclusion

The complex impedance locus of electrodes before 
and after DNA immobilization were calculated. As a 
result, the complex impedance locus of a semicircular arc 
is plotted in the 4th quadrant. The equivalent circuit of 
the electrode and the electrode with immobilized DNAs 
are presumed to be a parallel circuit of resistance and 
capacitance.

Fig. 8. Model of surface area (width direction) change

(a)   Before DNA immobilization

(b)    After DNA immobilization
Fig. 9. Change in surface area (width direction)

From Figure 4, the impedance changes of the 
electrode depending on DNA immobilization were
confirmed. Figure 5 indicate that the impedance change 
of the electrode were confirmed depending on the amount 
of DNA. From these results, DNases are detectable, as 
well as differences in DNase activity. Therefore, disease 
type identification might be expected.
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Figure 10. Model of number of needles change

(a) Before DNA immobilization

(b) After DNA immobilization
Figure 11. Change in number of needles

The impedance before DNA immobilization was 
substantially dependent on the surface area, as shown in 
Figures 7(a), 9(a). The impedance after DNA 
immobilization was slightly dependent on the shape of 
the electrode (Figure 7(b), 9(b)). Since the conductivity 
of DNA is higher than that of water in the microchannel, 
the impedance of electrodes with immobilized DNA is 
determined by amount of DNA.

The impedance before DNA immobilization was 
slightly dependent on the number of needles, as shown in 

Figure 11(a). This is because the surface area of the 
electrode increases slightly with the number of electrodes.
The impedance after DNA immobilization was 
substantially dependent on the number of needles (Figure 
11(b)). This is because the number of DNA increases 
with the number of triangular electrodes.

To improve DNase detection sensitivity, there must 
be a substantial difference between before and after DNA 
immobilization. Based on the above, we conclude the 
ideal electrode shape is smaller in surface area and 
thickness, and larger in the number of triangular 
electrodes. In future work, we will fabricate the device
with ideal electrode and measure DNase activity.
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