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1. Introduction  

Recently, the lithium ion battery (LiB) has been 
used as a power supply of electric cars [1-3], but 
there are many problems such as short lifetime and 
low power density on the battery as yet. In general, 
the LiB composed of positive and negative 
electrodes, electrolyte and separator, is considered to 
start ageing from its electrodes. In this study, we 
focus our attentions to changes of mechanical 
properties of positive electrode of the LiB. The 
mechanical properties are studied by measuring 
resonance frequency and internal friction of the 
electrode at various temperature and charge/ 
discharge cycles. The results indicated that the 
charge/discharge cycling causes decrease in the 
resonance frequency and increase in the internal 
friction of the LiB electrode.  

 
2. Experimental  

The positive electrode was composed of the active 
materials of LiMn2O4 and LiNiCoAlO2, the 
conducting filler of carbon black, the binder of 
polyvinylidene difluoride (PVdF) and the collector 
of Al foil. A vibrating reed method was used to 
measure both resonance frequency and internal 
friction of the electrode. The measurement system of 
the mechanical properties of the electrode reeds is 
shown in Fig. 1. The reed sample was set in a copper 
box equipped in a vacuum chamber. Displacement of 
the free end of the reed sample was measured using 
a laser/CCD camera system. The temperature of the 
reed sample was changed from 100 K to 400 K with 
a rate of 0.2 K/min.  

3. Results and discussion 
 

Figure 2 shows the resonance frequencies of the 
reed samples with lengths of 27, 29, 31 and 39 mm 
as a function of temperature. The positive electrode 
used was not enclosed into the battery, namely, the 
electrode did not react with electrolyte. As seen in 

this figure that resonance frequencies decrease with 
increasing temperature and there are two sharp 
decreases on the frequencies at ~150 K and ~240 K. 
In general, a sharp decrease in the temperature-
dependent resonance frequency will result in a peak 
on temperature-dependent internal friction [4].  

Fig. 1 Schematic diagram of measurement system. 

Fig. 2 Resonance frequencies of the reed samples 
of the pristine electrode as a function of 
temperature. 
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Fig. 3 Internal friction of the reed samples of the 
pristine electrode as a function of temperature. 
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appear. One is the diffraction peak originating from 
Si substrate and the other is the fundamental peak 
associated with the multilayered structure. The 
fundamental peak appeared between the diffraction 
angles of the Cr(110) planes and Fe(110) planes, 
which indicates that the <110> directions of Cr and 
<110> directions of Fe are oriented in the film 
thickness direction. 

Figure 3 shows a typical reflectivity change 
measured by the picosecond ultrasound. The 
horizontal axis shows the delay time of the probe 
beam from the excitation, and the vertical axis shows 
the change ratio of reflectivity of the probe light. The 
reflectivity change shows the train of echo signals, 
and Δt is determined from the slope of the 
relationship between delay time and the index 
number of echo signal, m, as shown in the inset of 
Fig. 3. 

Measured C  was compared to elastic 
stiffness C bulk calculated from the elastic constants 

of single crystal Fe and Cr using the rule of mixture, 
assuming that the Fe(110) and Cr(110) planes are 
aligned parallel to the film surface, referring to the 
measured XRD spectra. As the result, C  is almost 
the same with C bulk. This trend is different from that 
observed in Co/Pt multilayered films7). In the Co/Pt 
multilayered films, smaller stiffness than C bulk was 
observed, and it was explained by interfacial defects 
that release large interfacial stress. But, in Fe/Cr 
multilayered films, misfit strain is small. We 
consider that the smaller misfit strain causes less 
defective, and it makes C close to C bulk. 
 
References 
1. K. F. Badawi, P. Villain, Ph. Goudeau and P. –O. 

Renault: Appl. Phys. Lett. 80 (2002) 4705. 
2. H. Mizubayashi, T. Yamaguchi, W. Song, A. 

Yamaguchi and R. Yamamoto: J. Alloys. Compd. 
211-212 (1994) 442. 

3. J. B. Rubbin and R. B. Schwarz: Phys. Rev. B 50 
(1994) 795. 

4. J. Mattson, R. Bhadra, J. B. Ketterson, M. Brodsky, 
and M. Grimsditch: J. Appl. Phys. 67 (1990) 2873. 

5. H. Ogi, M. Fujii, N. Nakamura, T. Yasui, and M. 
Hirao: Phys. Rev. Lett. 98 (2007) 195503. 

6. N. Nakamura, A. Uranishi, M. Wakita, H. Ogi, and 
M. Hirao: Jpn. J. Appl. Phys. 49 (2010) 07HB04. 

7. N. Nakamura, H. Ogi, T. Yasui, M. Fujii, and M. 
Hirao: Phys. Rev. Lett. 99 (2007) 035502. 

8. C. Thomsen, H. T. Grahn, H. J. Maris and J. Tauc: 
Phys.Rev. B 34 (1986) 4129. 

 
 
 
 
 

Fig. 3 Reflectivity change of [Fe (1 nm)/Cr (0.5 nm)]40. 
m is the index number of pulse-echo signals. Δt is 
determined from the relationship between m and the 
individual transit times (see the inset). 

Fig. 1 XRR spectrum of [Fe (1 nm)/Cr (1.5 nm)]24 by Co 
Kα radiation. The vertical axis is on a logarithmic scale. 

Fig. 2 XRD spectrum of [Fe (1 nm)/Cr (1.5 nm)]24 
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Figure 3 shows the internal friction of the same reed 
samples with lengths of 27, 29, 31 and 39 mm as a 
function of temperature. The internal friction 
changes strongly with temperature in the range of 
100~400 K. Two peaks are observed at ~150 K and 
~240 K on the curves. The peak at ~150 K may be 
due to a surface-related relaxation process as well as 
the peak at ~240 K is due to a relaxation process of 
β-crystalline phase in the PVdF binder [5].  
 

Figure 4 shows the resonance frequencies of the 
reed samples of the positive electrode with lengths of 
27, 29, 31 and 39 mm as a function of temperature, 
where the electrode was obtained from the battery 
charged and discharged only once. Like the results 
shown in Fig. 2, the frequencies decrease with 
increasing temperature but their values decreased 
about 20 Hz despite of the charge/discharge cycling 
of only once.  

Figure 5 shows the internal friction of the reed 
samples with lengths of 27, 29, 31 and 39 mm as a 
function of temperature, where the positive electrode 
was charged and discharged only once. The internal 
friction changes with temperature in the range of 
100~400 K. No significant shift on the internal 
friction peak, and also compared with the results in 
Fig. 3, is observed.  
 
4. Conclusions 

Mechanical parameters of resonance frequency and 
internal friction of the positive-electrode of the LiBs 
were measured at temperatures from 100 K to 400 K. 
Two thermally-activated relaxation processes were 
observed at ~150 K and ~240 K. They were related 
to the relaxation processes occurred in the PVdF 
binder of the positive electrode. The internal friction 
was due to a surface relaxation for the peak at ~150 
K and a phase transition of the β crystalline phase in 
the PVdF binder at ~240 K, respectively. Significant 
internal friction processes were not observed in the 
active materials of LiMn2O4 and the current collector 
of Al foil [6].  

The mechanical parameters can be anticipated as 
effective indicators for characterizing ageing 
behaviors of the LiB electrode as a whole. By using 
this measurement technique, it becomes possible to 
enhance the cost-performance of the LiBs by 
matching each life times of positive and negative 
electrodes, separator and electrolyte.  
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Fig. 5 Internal friction of the electrode for the 
charge/discharge cycling of only once as a 
function of temperature. 
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Fig. 4 Resonance frequencies of the electrode for 
the charge/discharge cycling of only once as a 
function of temperature.  
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