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Solute-vacancy clustering in Al-Mg-Si and Al-Si alloys 
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The Al-Mg-Si (6xxx series) aluminum alloys are in high 

demand as materials for vehicles because of their low 
weight, excellent formability and age hardenability.1,2)  
The usual process for heat treatment is solution heat 
treatment at approximately 820 K followed by quick 
quenching with water, resulting in a supersaturated solid 
solution (SSSS).  After storage at room temperature 
(called natural aging, NA), the alloy undergoes artificial 
aging (AA) at around 420 K, leading to a precipitation 
sequence:3) 
SSSS Mg/Si/vacancy cluster Guinier Preston (GP) 
zone ”’(Mg2Si). 

It is well known that the early stage of solute clustering 
of Mg and Si proceeds quite quickly and is completed in 
less than an hour, even at room temperature.4-6)  A 
long-standing problem for industries is that NA treatment 
often results in a negative effect on the mechanical strength 
in the following AA.3,7)  The microstructures of the 
precipitations have been studied intensively using 
transmission electron microscopy (TEM)8) and atom probe 
tomography (APT)9) to reveal the age hardening mechanism.  
These techniques, however, require time consuming sample 
preparation; thus, it is difficult to directly observe the early 
stage of clustering.  Differential scanning calorimetry 
(DSC)10) has been widely used to investigate precipitation 
processes and cluster formation, but in principle, this 
method cannot be used for isothermal measurements 
because the peak positions in a heat flow spectrum depend 
on the heating rate.  From various studies on Al-Mg-Si 
alloys, it has been found that vacancy behavior is 
considered to play an important role in the aging process, 
enhancing the diffusion of solute Mg and Si atoms and 
nucleation of clusters.  Positron annihilation spectroscopy 
(PAS)5,6) and muon spin relaxation spectroscopy (SR)11,12) 
have been successfully used to investigate the vacancy and 
clustering behavior in Al-Mg-Si alloys.   

New observations of time dependent muon spin 
relaxation of an Al-1.6%Mg2Si alloy at the isothermal 
condition at 280 K, 290 K, and 300K are presented in this 
report. All the samples underwent heat treatment at 848 K 
for 1 h and subsequent quenching in ice water (STQ).  
Approximately 10 min after STQ, the sample was inserted 
in an ARGUS muon spectrometer, and then, zero-field SR 
measurement was performed at a constant temperature.  
The observed spin relaxation spectra were fit using a 
Gaussian function with standard deviation 1/ using the 
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WIMDA program,13) where  is a measure of the 
depolarization rate of the muon spins.  The deduced values 
of the muon spin depolarization rates at 280 K showed little 
change in the time range between 20 and 100 min, then 
gradually decreased with time, and finally decreased 
linearly in a logarithmic time scale about 400 min after STQ.  
The depolarization rates at 290 K decreased slowly with 
time in the early stage till about 30 min, and then decreased 
linearly in a logarithmic time scale.  Those at 300 K 
decreased in a logarithmic time scale from the early stage, 
but there are three different time regions.  These time 
variations of the depolarization rates are quite similar to 
those of the positron annihilation lifetime in Al-Mg-Si 
alloys,5) thus, they can be interpreted in terms of the 
clustering kinetics of a Mg/Si/vacancy.  From an Arrhenius 
plot of the relaxation rates against the reciprocal measured 
temperature, the activation energy for clustering of Mg or Si 
atoms in an Al-1.6%Mg2Si sample is deduced.  

 

Fig. 1. Aging time dependences of zero-field spin 
relaxation rate for Al-1.6%Mg2Si sample at constant 
temperatures of 280, 290, and 300 K. 
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Li-ion diffusion in Li-ion battery material LiFe1−xMnxPO4
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and J. Sugiyama∗1

For the development of on-board batteries, the Li-
ion battery is required to operate at high voltages. For
arealizing a practical Li-ion battery, a solid solution
of the olivine-type lithium iron/manganese phosphate
(LiFePO4 and LiMnPO4) is used as the positive elec-
trode material. Olivine lithium phosphate is superior
in terms of stability and is a low cost material. The
tetrahedron PO4 is so stable that oxygen desorption
hardly occurs. Compared to other positive electrode
materials such as LiCoO2, olivine lithium phosphate
is produced at a low cost because it contains no tran-
sition metals. High charge/discharge voltage can be
steadily obtained for the Li(Fe,Mn)PO4 solid solution.
It is noted that the LiFe1−xMnxPO4 (x∼0.7) solid so-
lution is used for the realization of a practical Li-ion
battery.
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Fig. 1. x dependence of the DLi at 300 K. The data for

x = 0 is reported in Ref. 1 and the data for x =

0.2, 0.4, 0.6, 0.9 and 1 have been obtained with EMU

spectrometer in ISIS.
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Fig. 2. Temperature dependences of (a) ∆(open circle) and

(b) ν (closed circle) obtained for LiFe0.2Mn0.8PO4.

We investigated Li diffusion in LiFePO4 and
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LiMnPO4 by µ+SR1). However, we could not ob-
tain information about Li diffusion for LiMnPO4, be-
cause µ+SR spectra were strongly affected by magnetic
moment of Mn2+. Although the diffusive nature of
Lithium is represented in the dynamic Kubo-Toyabe
(KT) type relaxed signal in zero field (ZF) µ+SR mea-
surements, the small changes in KT signal are hidden
by fast relaxed signal caused by the magnetic moment
of Mn2+. In order to avoid the magnetic effect due to
Mn2+, we meausred µ+SR spectra on LiFe1−xMnxPO4

with smaller x to presume the Li diffusive nature in
LiFe1−xMnxPO4 with larger x (Fig. 1).

In order to investigate Li-ion diffusion in the solid
solution similar to the one used in the practical bat-
tery, we measured µ+SR spectra on LiFe0.2Mn0.8PO4.
In x=0.8 samples, the ZF-µ+SR spectrum is fitted by
the sum of the exponentially relaxed static KT func-
tion and fast relaxation, asumming the volume fraction
determined for smaller x as the initial value. Then,
the ZF-µ+SR spectrum exhibits dynamic KT func-
tion at temperatures above 150 K. By fitting the ZF-
and LF-spectra with a dynamic KT function, the field
fluctuation rate (ν), relaxation rate (λ) and the field
distribution width (∆) were obtained. For x=0.8, ν
rapidly starts to increase and ∆ starts to decrease at
150 K (Fig. 2). This indicates that Li-ion diffusion oc-
curs above 150 K. The diffusion coefficient is estimated
as DLi = 2.1×10−10(cm2/s) at 300 K.

By utilizing ARGUS spectrometer to obtain a large
asymmetry for the KT signal, we obtained additional
data to the systematic results taken with EMU spec-
trometer for the solid solution, LiFe1−xMnxPO4 with
x =0.2 - 1. There appers to be a peak in DLi between
x=0.6 and x=1 (Fig. 1). However, we cannot conclude
that DLi has a small peak around x=0.8 since we have
measured only for x=0.6 and 0.9. We would like to
study in detail the region between x=0.6 - 0.9, since
the composition is very close to that used in a practical
Li-ion battery.

We also measured µ+SR spectrum on x=0 sample,
however, the obtained data was unsatisfactory. It is re-
ported in Ref. 1 that DLi=3.6×10−10(cm2/s) at 300 K.
Since DLi changes drastically between x=0 and 0.2, we
need to try to confirm such large changes.

The activation energy Ea was estimated from the re-
lation Ea=kBT ln(ν) to be 53.0 meV for x=0.8. There
may be a peak in Ea between x=0.6 and 1 (not shown).
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